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Polymerefullerene bulk heterojunction (BHJ) solar cells have consistently been at the forefront of the
growing ﬁeld of organic photovoltaics (OPV). The enduring vision of OPV is the promise of combining a
simple, low-cost approach with an efﬁcient, ﬂexible, lightweight platform. While efﬁciencies have
improved remarkably over the last decade through advances in device design, mechanistic under-
standing, and evolving chemical structural motifs, steps forward have often been tied to a loss of
simplicity and a deviation from the central vision of OPV. Within the context of active layer optimization,
our focus is to target high efﬁciency while maintaining simplicity in polymer design and active layer
processing. To highlight this strategy, this feature article focuses on our work on random poly(3-
hexylthiophene) (P3HT) analogs and their application in binary and ternary blend polymerefullerene
solar cells. These random conjugated polymers are conceptually based on combining simple monomers
strategically to inﬂuence polymer properties as opposed to the synthesis of highly tailored and syn-
thetically complex monomers. The ternary blend approach further exempliﬁes the focus on device
simplicity by targeting efﬁciencies that are competitive with complex tandem solar cells, but within the
conﬁnes of a single active-layer processing step. These research directions are described within the
broader context of recent progress in the ﬁeld of polymerefullerene BHJ solar cells.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
As sources of alternative energy are increasingly recognized to
be more important in the 21st century, solar energy holds a special
place as the only energy source that could single-handedly meet
the ever-growing world energy demand [1e8]. Interest in thin-ﬁlm
photovoltaic technologies has grown out of the desire to ﬁnd
inexpensive and readily deployable solar technologies [9e12]. As a
potential thin-ﬁlm solar technology, organic photovoltaics (OPV)
have been the subject of an enormous research effort and have seen
the largest increase in peak efﬁciency of any solar technology over
recent years [6,13e21]. The ultimate vision of OPV is that of a
simple, low-cost platform capable of providing efﬁcient solar en-
ergy conversion in a ﬂexible and lightweight device [13,14,19] that
offers straightforward integration into existing infrastructure [22e
27]. Recent reports of efﬁciencies approaching and exceeding 10%
have continued to buoy interest in this research ﬁeld [28e32].).
r Ltd. Open access under CC BY-NC-NDA great number of approaches to OPV are currently being
investigated [13,33e37]. In a broad sense these approaches can be
classiﬁed based either on the ﬁlm deposition method or the device
architecture. Vapor deposition has been an effective strategy for
producing primarily well-deﬁned layers of organics with small
molecule species [17,38,39], while solution processing has pri-
marily been focused on polymer-based systems [13e15,40e44].
While a great number of speciﬁc device architectures have been
explored, a loose classiﬁcation divides OPV into single-junction
[13,14,19,40,41,44] and multi-junction (tandem) solar cells
[33,45e50]. Taking this great variety of device approaches into
account, the solution processed single-junction cells are perhaps
most consistent with the vision of a simple, low-cost OPV platform
due to the demonstrated compatibility with high-speed roll-to-roll
processing under ambient temperature and pressure with a mini-
mal number of processing steps [22e26]. Among this class, the
polymerefullerene bulk heterojunction (BHJ) solar cells are the
most explored and most successful to date, with a number of ex-
amples of efﬁciencies exceeding 8% and even 9% now reported and
certiﬁed [30,51e61].
A signiﬁcant challenge for the maturing ﬁeld of OPV is to push
efﬁciencies to a level where they can become economically viable
while maintaining the attractive simplicity in materials and license.
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within this context that efforts in our research group have been
focused on general principles for the optimization of polymere
fullerene BHJ solar cells (also referred to as binary blends) and the
extension of this platform to the potential for higher efﬁciency with
retention of simple device fabrication via the development of
ternary blends. Our focus has been on the optimization of the active
layer, speciﬁcally through new materials design, with an eye to-
ward simplifying polymer synthesis and controlling polymer
properties via a so-called “polymer approach” as opposed to a
“monomer approach”, as will be described. Here our work is placed
within the context of recent developments in the ﬁeld and in order
to highlight our efforts, focus is placed on random poly(3-
hexylthiophene) (P3HT) analogs and their application in binary
and ternary blend BHJ solar cells.
2. Polymerefullerene BHJ solar cells (binary blends)
The basic device architecture of a BHJ solar cell is shown in Fig. 1,
where the active layer (donoreacceptor blend) is deﬁned by an
interpenetrating network of donor and acceptor components [68e
72], which in turn is sandwiched between dissimilar electrodes
[19,40,41,44]. The overall device architecture is classiﬁed as either
the so-called standard cell (ITO/PEDOT:PSS/Active Layer/Al)
[13,20,40e42,44] or the inverted cell. The inverted architecture has
emerged as a potentially superior platform [73e75], especially in
terms of long-term stability [76e79]. However, our focus here is on
the composition of the active layer, so further discussions on device
architecture are referred to a number of excellent recent reviews on
the subject [13,14,17,20,40].
Within the active layer, soluble fullerene derivatives have
become the ubiquitous acceptor component and appear to poten-
tially be uniquely optimal for this role due to their high electron
afﬁnity and outstanding n-type mobility [80e82], although efforts
to engineer non-fullerene acceptors have led to some promising
results [83e88]. Among the donor components in these solution
processed solar cells, conjugated polymers have been the most
studied and most successful to date, providing excellent ﬁlm form-
ing properties and demonstrating potential for thermally stable
morphology in polymerefullerene blends [13,71,72,78,79]. Discrete
molecular donors are emerging as a potential alternative [89e98],
but are signiﬁcantly less explored and will not be treated here.
Within the context of the polymerefullerene BHJ, manipulation
of polymer structure and the corresponding optimization of pro-
cessing conditions [68,71,73,99e101] has been the principal means
of active layer optimization in solar cells and there are a number of
recent reviews that highlight the great diversity of chemical
structures that have led to high efﬁciency solar cells [16,102e115].
At a more basic level, polymer chemical structure has primarilyFig. 1. Device architectures and active layer structure obeen tailored for the purposes of achieving an optimal electronic
relationship with the fullerene acceptor [13,46,116], as opposed to a
global optimization that also accounts for inﬂuences of polymer
structure on bulk and interfacial morphology [103,105,108e
111,114]. Electronic structure optimization has been based on a
constantly improving understanding of the mechanism of photo-
conversion [19,40e44,117e119], as illustrated in simpliﬁed sche-
matic form in Fig. 2a and described below. To begin the charge
photogeneration pathway, upon absorption of photons with energy
greater than the optical band gap of the donor or acceptor material,
excitons are created (Fig. 2a (i)) [120e123]. In organic materials the
binding energy of excitons is signiﬁcantly higher than the thermal
energy available at room temperature [6,41,44,117,121,124,125], and
thus excitons need to diffuse to the donoreacceptor (DeA) inter-
face (Fig. 2a (ii)) for dissociation [126e135]. If the driving force is
sufﬁcient at the interface, excitons populate charge-transfer (CT)
state or “hot” CT states (Fig. 2a (iii)), which can be described as a
weakly bound pairing of a hole on the donor and electron on the
acceptormoieties [44,125,136,137]. After that, through themanifold
of “hot” charge separated (CS*) states and CS states [42,43] (Fig. 2a
(iv) and (v)) free polarons (holes or electrons) are generated in the
active layer (Fig. 2a (vi)), which then migrate through the corre-
sponding donor and acceptor phases, respectively (Fig. 2a (vii)) and
ﬁnally are extracted at the anode and cathode (Fig. 2a (viii)) and
complete photocurrent generation [40,41,138].
The maximum achievable photocurrent or short-circuit current
density (Jsc) for a given donoreacceptor pair is determined by the
breadth of the absorption of the active layer and the degree of
overlap with the photon ﬂux from the sun [139], as illustrated in
Fig. 2b. The importance of targeting a maximum photocurrent is
that the Jsc is directly proportional to the efﬁciency (h) via
h ¼ (Jsc  Voc  FF)/Pin, where Voc is open-circuit voltage [140], FF is
the ﬁll factor [141] and Pin is the incident power intensity of the sun.
Nonetheless, a strategy of increasing the Jsc by simply lowering the
polymer band gap is of limited value, as decreases in the donor
band gap are also tied to decreases in Voc inasmuch as Voc is pro-
portional to the offset between donor HOMO (HOMOD) and
acceptor LUMO (LUMOA) [116,140] as shown in Fig. 2c. While the
Voc is limited by the HOMOD  LUMOA difference [116,140], the CT
state, described as a hole on the donor and electron on the acceptor
(as shown in Fig. 2d) more precisely represents the Voc in binary
blends. This is speciﬁcally because the CT state represents the en-
ergy state at the interface [136,142e150]. The energy of the CT state
(ECT) is deﬁned as ECT ¼ ðHOMOD  LUMOAÞ þ ECTB , where ECTB is
the binding energy of the CT state [44,125].
The balance struck between decreasing the donor band gap to
increase Jsc and lowering HOMOD tomaximize Voc while retaining a
driving force for charge generation (approximated by the
LUMOD  LUMOA offset) has led to predictions that the practicalf donoreacceptor bulk heterojunction solar cells.
Fig. 2. (a) Simpliﬁed scheme of photocurrent generation in donoreacceptor BHJ solar cells. (b) Global total photon ﬂux from the sun and maximum achievable integrated short-
circuit current density (Jsc), considering external quantum efﬁciency (EQE) of 100%. (c) Limit for the open-circuit voltage (Voc) in donoreacceptor BHJ solar cells. (d) Exciton and
charge-transfer (CT) state in donoreacceptor solar cells.
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pair will be 10e12% [14,40,42e44,116,150e155], although signiﬁ-
cantly higher efﬁciencies could potentially be achievable
[37,40,41,154,156e159]. This limitation can be described as the
Jsc  Voc compromise and careful selection of donor and acceptor
materials is necessary to reach the practical efﬁciency limit.
2.1. State-of-the-art
Fig. 3 illustrates the chemical structures of the polymers and
fullerenes that deﬁne the state-of-the-art in BHJ solar cells and the
speciﬁc properties of the systems are tabulated in Table 1. As can be
seen, all polymers that show the highest efﬁciencies to date in single
layer BHJ solar cells are perfectly alternating donor/acceptor (D/A)
polymers, including PTB70eF20, which despite the use of two
acceptor monomers contains exclusively alternating electron rich
and electron poor monomers. The use of the D/A approach [139]
leads to relatively low band gaps, which range between 1.4 and
1.7 eV.As a result, in theBHJ solar cells short-circuit currentdensities
(Jsc) exceeding 17 mA/cm2 are achieved when using PC71BM as an
acceptor, which is used in order to increase the absorption in the
visible part of the solar spectrum [80e82] as compensation for poor
polymer absorption in the visible, as will be discussed below. Note
also that from a light-harvesting perspective, none of these poly-
mers absorb signiﬁcantly beyond w850 nm. Furthermore, the
amount of fullerene necessary for the optimal device performance
exceeds that of the polymer in themajority of cases, which leads to a
decrease in the impact of the polymer absorption in the red and
near-infrared (near-IR), considering the generally ﬁnite thickness
(100e200 nm) of the majority of polymer fullerene cells [59,160e
166] thus forcing reliance on PC71BM absorption in the visible.This suppresses the upper limit of Jsc achievable for speciﬁc poly-
merefullerene combinations. Importantly though, high ﬁll factors
(FF) above 60% are reached for all the state-of-the-art systemsdue to
thorough optimization of the BHJ morphology. High Jsc and FF
translate into efﬁciencies exceeding 8% for majority of the polymers
in Fig. 3. Finally, the Voc for all these polymerefullerene combina-
tions is highbasedonoptimized electronic relationships in the pairs.
The polymers presented in Fig. 3 are examples of the most
successful polymers to date used in the binary blend BHJ solar cells,
but there are a vast number of other polymers which show efﬁ-
ciencies exceeding 7% [28,53,143,161,167e183]. In general, as in
case of polymers from Fig. 3, the majority of these polymers are
perfectly alternating D/A polymers with low band gaps, where
PC71BM is used. The only exceptions among 7% efﬁcient solar cells
are BHJ devices where instead of PC71BM, indene-C60/70-bisadduct
(ICBA) with higher-lying LUMO energy level is used as an acceptor,
leading to enhanced Voc [184e186]. However, the scope of polymers
that display enhanced efﬁciency with ICBA is rather limited at the
present time [187e191].
2.2. Limitations of current state-of-the-art systems
While the state-of-the-art polymers described previously
represent signiﬁcant progress in the drive for higher efﬁciency,
closer analysis also reveals a number of common features that point
toward the necessity for further optimization, especially when
considering the light-harvesting ability of the polymers. As a ﬁrst
point, consider the similarities in polymer design. All of the poly-
mers in Fig. 3 are perfectly alternating copolymers with nominally
electron-rich donor monomers alternating with electron-poor
acceptor monomers. As such, the well-known donor/acceptor
Fig. 3. Structures of the best performing polymers to date as well as the most commonly used fullerene acceptors.
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mer band gaps to improve the long-wavelength photoresponse of
the solar cells. As implied earlier, a clear limitation of such polymers
is the resultant shift in the primary absorption band from the
visible to the red and/or near-IR, with a loss of spectral coverage in
the higher energy visible range [29,161,196e198]. Exemplary ab-
sorption spectra are shown in Fig. 4 to illustrate this point. The
incorporation of acceptor units in the polymer backbone leads not
to the true broadening of the absorption spectra but simple red-
shifting of the absorption proﬁle, requiring the use of PC71BM as
an acceptor tomaintain high absorption in the visible [161,196,197],
as illustrated in Fig. 4aec.
From the device fabrication point of view, the majority of the
state-of-the-art polymerefullerene pairs require solvent additivesTable 1
Performance of state-of-the-art binary blend BHJ solar cells.
Polymer PolymerePC71BM Eg
(nm/eV)
Jsc
(mA/cm2)
Voc
(V)
FF
(%)
h
(%)
PTB7 [30] 1:1.5 713/1.7 17.5 0.75 70 9.2
PBDTTTeCeT [51] 1:1.5 785/1.6 18.4 0.76 63 8.8
PDTGeTPD [52] 1:1.5 734/1.7 14.0 0.86 67 8.5
PBDTTPD [53] 1:1.5 720/1.7 12.6 0.97 70 8.5
PBDTeDTNT [54] 1:1.5 838/1.5 17.4 0.75 61 8.4
PNNTe12HD [61] 1:2 738/1.7 15.6 0.82 64 8.2
PDTPeDFBT [32] 1:2 899/1.4 18.6 0.69 63 8.1
PBDTeTFQ [55] 1:1 718/1.7 17.9 0.76 58 8.0
PTB7eF20 [192] 1:1.5 770/1.6 17.2 0.68 67 7.9
PBDTDTTTeSeT [174] 1:1 780/1.6 16.4 0.69 66 7.8
PBDTTTeCF [193] 1:1.5 775/1.6 15.2 0.76 67 7.7
PDTSTPD [161] 1:2 717/1.7 12.2 0.88 68 7.3
PBDTTeSeDPP [29] 1:2 899/1.4 16.8 0.69 62 7.2
PCPDTBT [194] 1:4 689/1.8 11.6 0.87 69 7.1
DTePDPP2TeTT [195] 1:3 920/1.4 14.8 0.66 70 6.9[199,200] for optimal device performance [30,51e
53,55,161,174,192,193]. Even though solvent additives tend to in-
crease polymer’s crystallinity and improve the morphology of the
BHJ binary blends [170,197,201e206], their use has a negative
impact on the solar cell stability and increases degradation rate
[207], and application in the roll-to-roll process is envisioned to be
difﬁcult due to high boiling point of the processing additive and
hence complexities to remove them from the blend [25,26].
As indicated in Table 1 the polymerefullerene ratio in these
solar cells is generally signiﬁcantly weighted to the fullerene. The
excess fullerene necessary poses several potential drawbacks to
both broadband light harvesting and cost. In general, polymer
fullerene solar cells work best across a narrow and ﬁnite range of
active layer thickness (w100e200 nm) [59,160e163] as limited by
the comparatively low charge carrier mobility of organics
[208,209]. If a majority of the ﬁlm is fullerene, regardless of how
well the polymer absorbs in the red/near-IR, the capacity of such a
small amount of polymer to effectively harvest this spectral region
will be limited. A further downside to C70 fullerene is cost. While
the cost of C60 has decreased dramatically in recent years, the cost
of C70 is still quite high and is perhaps prohibitive in a practical
sense [210]. Further drawbacks to C70 fullerenes relative to C60 have
been identiﬁed and include lower electron mobility [211], deeper-
lying LUMO energy level limiting the Voc, [212e214], enhanced
tendency toward aggregation [215], lower percolation [178,216e
220], higher solubility in organic solvents (e.g. chlorobenzene, o-
dichlorobenzene, chloroform) [221e223] and as a result lower
miscibility with polymers [223e225], and structural instability
[226] with polymers in comparison to PC61BM. Additionally, high
trap densities with PC71BM and the presence of deeper-lying trap
states are limiting for device efﬁciency [227]. Finally, it has been
found that polymerePC61BM solar cells provide a platform that is
more amenable to moving toward thicker active layers, although
Fig. 4. Absorption spectra of perfectly alternating D/A polymers. Reproduced with permission: (a) from Ref. [196], (b) from Ref. [197], (c) from Ref. [161], (d) from Ref. [195], (e) from
Ref. [29].
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maximize light harvesting capacity [195].
Another element common to the state-of-the-art polymer
structures is the lengthy monomer syntheses. As can be seen in
Fig. 3, the most commonly used donor monomers for the D/A
polymers utilized in the most efﬁcient solar cells are benzo[1,2-
b:4,5-b0]dithiophene (BDT) and thieno[3,4-b]thiophene (TT),
highlighted in blue and red respectively in PTB7. Despite, high
power conversion efﬁciencies, these monomers require multistep
synthesis. In the case of BDT, from 6 to 7 synthetic steps (depending
on the side chains) are necessary to obtain 2,6-bis(trialkyltin)-BDT
monomers from inexpensive commercially available precursors
[228,229], while in case of TT, it requires from 5 to 9 steps
(depending on the side chains and ﬂuorination) to obtain 4,6-
dibromo-TT [62,230,231]. As a result, for example, PTB7 is synthe-
sized in 16 steps, PBDTTTeCeT in 12 steps and PBDTeTFQ in 13
steps. Only recently, the use of novel donor and acceptor monomer
units decreased the number of steps to 10 for PDTPeDFBT [232,233]
and 8 for PDTGeTPD [234]. It is clear that in these state-of-the-art
polymers the control of polymer electronic structure has been
primarily targeted via ﬁne-tuned manipulation of monomer
structure enabled by lengthy and complex synthesis. This method
of polymer design referred to here as the “monomer approach” also
appears to diverge from the goal of targeting accessible and inex-
pensive materials.
While great strides toward higher efﬁciency have been made
with the polymers described in Fig. 3 and Table 1 and a great wealth
of fundamental insight about the performance and potential of
polymerefullerene solar cells has been gathered through their
study, the common structural, electronic, and processing features
discussed above argue that a subsequent level of optimization is
needed to refocus efforts toward simple and potentially less
expensive polymers and polymerefullerene combinations. In order
to address this point, while still targeting high efﬁciency solar cells,
our group has pursued a two-fold strategy. First, we have pursued a
comprehensive polymer design strategy to target optimal elec-
tronic structure and morphology within the framework of short,
simple syntheses. The aim is to control polymer properties throughthe strategic combination of simple monomers through the so-
called “polymer approach” as opposed to a monomer design
approach referred to previously as the “monomer approach.” Our
polymer approach has been centered on random and semi-random
analogs of poly(3-hexylthiophene) (P3HT). The second element of
our strategy has been to translate from the binary blend approach
(polymerefullerene BHJ) to the ternary blend platform (polymere
polymerefullerene). Growing evidence suggests that ternary
blends offer the unique combination of simple device fabrication
with the potential to move to enhanced device efﬁciencies. Further,
we have found that random and semi-random P3HT analogs are
especially well suited for the ternary blend approach.
3. Efforts toward optimization of polymer design for binary
blends through the “polymer approach”
Central to the operation of efﬁcient polymerefullerene BHJ solar
cells is an effective synergy between electronic processes and the
bulk and interfacial morphology of the active layer [71,105,109,114].
A picture of an ideal polymerefullerene blend has been emerging
over the last decade [14,42,44,116,150e153] and while a complete,
deﬁnitive understanding of all optimal features has not yet been
achieved, several desirable elements have been established. From
an electronic point of view, the donor polymer should have a broad
and intense absorption with an absorption coefﬁcient on the order
of 105 cm1 in order to maximize light absorption. The donor
should have an effective energetic relationship with the acceptor
(preferably a C60 fullerene) in order to ensure charge transfer and
reduce geminate recombination while giving a maximum possible
open-circuit voltage (see Fig. 2). The donor polymer should also be
an effective hole transporter with a hole mobility that is suitably
matched with the electron mobility of the fullerene acceptor. High
hole mobility in polymers is strongly tied to ordering (crystallinity),
which increases pep overlap. These optimal electronic properties
have been discussed in greater detail in a number of excellent
recent reviews [13,16,19,41,44,117,118,125,139,140,235].
While an understanding of the optimal electronic properties
and relationships is becoming very mature [40e44], an
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cial) is still developing. However, a few basic principles seem to
hold. First, it is desirable to minimize fullerene loading in order to
fully exploit the absorption potential of broadly absorbing polymer
donors. This is necessary due to the very thin (100e200 nm) active
layers [59,160e163] generally required for relatively low mobility
organics [166,195,236e239]. If the polymer is only a minority of the
active layer at this thickness, it does not matter how broadly or
strongly the polymer can absorb light, contributions from the
polymer extending beyond the fullerene absorption envelope in the
red and near-IR will be minimal. Second, it is desired that the
polymer and fullerene mix well enough to give a limited length
scale of phase separation that would ideally be on an order of about
two times the exciton diffusion length of the polymer and the
fullerene [68,69,72,240]. Further, recently the role of diffuse in-
terfaces of intermixed polymer and fullerene has emerged as
potentially very important for the charge generation process
[118,178,216e219,241e248], further emphasizing that good misci-
bility between polymer and fullerene is important.
As such, an ideal donor can be qualitatively described as a
polymer that has a broad and intense absorption, an effective en-
ergetic relationship with fullerene acceptors (for charge transfer
and high Voc), a suitable level of ordering to give good holemobility,
and a good miscibility with C60-fullerenes that yields a percolated
structure with a small length scale of phase separation at low
fullerene loadings with the potential for a diffuse/intermixed
interface. It is also proposed here that this ideal donor should be
accessible through a short, simple synthetic procedure in order to
retain the potential for low-cost in solar cell manufacture.
It is the ﬁnal point that is perhaps themost daunting considering
howmany functions need to be “programmed” into the polymer. It
has been difﬁcult to imagine a short, simple synthesis that can lead
to optimization of all the necessary functions of a polymer in a BHJ
solar cell. This has certainly led to the “monomerapproach” inwhich
monomer structure of both electron rich and electron poor mono-
mers has undergone a ﬁne-tuning in which function-speciﬁc
structural elements have been added piece-by-piece to yield the
structures that currently deﬁne the state-of-the-art.
3.1. Poly(3-hexylthiophene) (P3HT)
In order to pursue the goal of an ideal polymer, we have focused
on simplicity of structure and synthesis ﬁrst, while attempting to
build in the desired polymer properties by strategically combining
a discrete set of monomers through the “polymer approach.” As a
starting platformwe selected P3HT for a number of reasons. First, it
is among the simplest of all conjugated polymers based on a readily
available and inexpensive single ring heterocycle monomer with an
alkyl chain as the only functional group [249e251]. The predomi-
nantly regioregular (RR) placement of the alkyl chains controls
ordering (crystallinity) [252e259], lowers the band gap relative to
polythiophene [260,261], and engenders good solubility in a broad
range of common organic solvents [222]. P3HT has a strong peak
absorption coefﬁcient (105 cm1) [257,262], high hole mobility
(w2104 cm2 V1 s1 in SCLC [263,264] or 0.1 cm2 V1 s1 in FET)
[265], almost matching the electron mobility of PCBM [264,266e
268], limiting the space-charge buildup and enabling good ﬁll
factors of 0.65e0.7 [117,236,237,264,269e271]. With PC61BM as the
acceptor efﬁciencies of up to 5% have been achieved in BHJ solar
cells using P3HT as the donor material, whereas the average power
conversion efﬁciency is 3% [249,272]. Higher efﬁciencies have been
publishedmore recently, using fullerene derivatives [80,81] such as
indene-C60-bisadduct (IC60BA, 7.5%) and indene-C70-bisadduct
(IC70BA, 7.4%) [184e186]. P3HT not only forms stable, small-scale
phase separated morphology with PC61BM [71,72,238,240,272e275], but charge transfer from the donor to acceptor is ultrafast
and efﬁciently results in free charge carriers [80,126,128,129,276e
278], making P3HT an almost ideal candidate for BHJ solar cells.
Further, the morphology of P3HTePC61BM solar cells is the most
extensively studied among all polymerefullerene pairs and the
length scale of phase separation is nearly ideal
[71,249,254,272,279e282]. Importantly, P3HTePC61BM solar cells
have been shown to generate thermally stable morphologies when
the RR of P3HT is optimized at approximately 90% [263,283]. The
environmental stability of P3HTePC61BM solar cells (while not the
focus of this review) has also been demonstrated to be excellent
giving lifetimes by accelerated testing of more than 3 years
[284,285].
As a consequence, nearly every property of P3HT is seemingly
ideal for polymerefullerene solar cells. However, several short-
comings of P3HT prevent it from achieving even higher efﬁciencies.
The wide band gap (1.9 eV) of P3HT, resulting in an absorption
onset at w650 nm and narrow absorption breadth (w400e
650 nm), inherently limits Jsc of the corresponding BHJ solar cell
and thus the efﬁciency [14,139]. To a lesser extent the relatively
high HOMO level of P3HT (5.2 eV) [44], which is reﬂected in a
moderate Voc (w0.6 V with most common fullerene acceptors)
[71,249] also limits the efﬁciency. Contrary to what is often implied
by the term “fruit ﬂy”, the prevalence of P3HT in the area of BHJ
solar cells during the last decade can be explained by its exceptional
set of attractive properties, which often do not translate into novel
D/A copolymers [71,193,286e289], as well as the simplicity of its
polymer structure. Our goal has been to transform P3HT into a low
band gap broadband absorbing polymer while retaining all of the
attractive properties and with minimal addition of synthetic
complexity. Several successful design concepts resulting in P3HT
analogs with improved polymer properties and solar cell efﬁ-
ciencies are discussed in detail in the following sections.
3.2. Design concept: random P3HT analogs
One possible approach to improve the properties of P3HT solar
cells is to randomize the polymer structure by decreasing the
regioregularity or introducing alkylthiophene comonomers.
Numerous literature examples demonstrate that random P3HT an-
alogs are very promisingmaterials for BHJ solar cells. An interesting
study by Fréchet et al. showed that a certain degree of randomness
enhances active layer stability and provides more stable photovol-
taic performance [263,283]. Contrary to the common perception
that the regioregularity of P3HT needs to be as high as possible
(>95%) in order to achieve high efﬁciency, it was shown that P3HT
with regioregularity as low as 86%, still has sufﬁcient electronic
properties for high efﬁciency in combination with improved ther-
mal stability of the active layer, induced by the reduced driving force
for long-range crystallization in the polymer [263].
On the other hand, it has also been shown that alkylthiophene
based copolymers provide the opportunity to tune the frontier
orbital energy levels. By decreasing the alkyl side chain density on
the thiophene backbone using a long and branched alkyl chain on
only every third thiophene ring Hou et al. were able to increase Voc
considerably due to a decrease in the HOMO energy, which was
attributed to the decrease in electron donating alkyl chains
compared to P3HT [290]. A similar strategy was used by Ko et al. by
only putting alkyl chains on the 3- and 4-position of every third
thiophene ring [291]. In addition to an increased Voc they also
observed increased efﬁciency compared to P3HT. This was attrib-
uted to both a decrease in the density of electron donating side
chains as well as a slightly increased degree of twisting in the
polymer backbone, which is beneﬁcial for Voc but left Jsc almost
unchanged [291,292].
Fig. 5. UVevis absorption of P3HTm-co-EHTn polymers in thin ﬁlms (spin-coated from
CB and annealed for 30 min under N2 at 150 C for (i), (ii) and (iii), 100 C for (iv), 40 C
for (v)) where (i) is P3HT (purple line), (ii) is P3HT90-co-EHT10 (green line), (iii) is
P3HT75-co-EHT25 (blue line), (iv) is P3HT50-co-EHT50 (red line) and (v) is P3EHT (or-
ange line). Reproduced with permission from Ref. [293]. Copyright 2012 American
Chemical Society.
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polymer properties as well as the performance of polymere
fullerene BHJ solar cells, while also capitalizing on the fact that
random P3HT-analogs have demonstrated better active-layer sta-
bility, we have developed a model system of random alkylth-
iophene copolymers [293]. More speciﬁcally, we studied the impact
of increasing amounts of bulky, branched 2-ethylhexyl chains in rr-
poly(3-hexylthiophene-co-3-(2-ethylhexyl)thiophene) copolymers
on important properties such as the UVevis absorption, HOMO
energy levels and solar cell performance. Five polymers were
synthesized by copolymerizing hexylthiophene and 2-
ethylhexylthiophene at different ratios (m:n) using Stille coupling
polymerization, as shown in Scheme 1 and resulting in P3HT,
P3HT90-co-EHT10 (10% 2-ethylhexylthiophene), P3HT75-co-EHT25
(25% 2-ethylhexylthiophene), P3HT50-co-EHT50 (50% 2-
ethylhexylthiophene) and P3EHT (100% 2-ethylhexylthiophene).
As shown in Fig. 5, polymers with 50% or less 2-ethylhexyl side
chain content not only have the same band gap as well as almost
the same absorption coefﬁcient as P3HT, but also retain the char-
acteristic vibronic feature of P3HT, indicating good ordering in the
solid state [256].
The semicrystalline nature of all ﬁve polymers, indicated by the
vibronic features in the UVevis was conﬁrmed with both GIXRD
and DSC measurements and is reﬂected in the high hole mobilities
of the polymers (Table 2). In order to gain insight on the effect of the
2-ethylhexyl side chain content on the polymer HOMO levels, cyclic
voltammetry (CV) [294] was measured both in solution and thin
ﬁlms. Whereas the HOMO levels of all ﬁve polymers in solution are
almost identical, in the solid state an increase of the 2-ethylhexyl
side chain content leads to a marked decrease of the HOMO en-
ergy (Fig. 6, Table 2) implying a solid state organization effect. This
decrease in HOMO energy is directly reﬂected in the Voc measured
in polymerePC61BM solar cells (Table 2), which increases with
increasing 2-ethylhexyl side chain content indicating a strong
correlation between the HOMODeLUMOA offset (Fig. 2b) and the
Voc for this family of polymers. More detailed explanations, such as
interfacial interactions between polymers and fullerenes, which
other literature reports show to be relevant, are not necessary to
explain the observed results [241,295].
As a direct consequence of the correlation between HOMO en-
ergies and Voc, the efﬁciency of BHJ solar cells with PC61BM for
P3HT75-co-EHT25 (3.85%) is increased compared to P3HT (3.48%)
due to higher Voc (0.69 V vs. 0.60 V) while Jsc remains on the same
order as for P3HT (9.85 mA/cm2). More importantly though, the
attractive properties of P3HT such as high absorption coefﬁcient,
semicrystallinity, high hole mobility and favorable mixing with
PCBM are largely retained when small to moderate amounts of 2-
ethylhexylthiophene are introduced. This work also serves as a
general demonstration of the potential for simple modularity and
tunability in random alkylthiophene copolymers and the potential
to pursue enhancement in polymer properties and photovoltaic
device performance through random copolymerization.Scheme 1. Synthesis of poly((3-hexylthiophene)-co-3-(2-ethylhexyl)thiophene).3.3. Semi-random P3HT analogs
Tuning the energy levels of P3HT through copolymerization and
increasing the long term stability of polymerefullerene solar cells
by introducing a degree of randomness are successful approaches
to improve the already favorable properties of P3HT. It is clear
though, that the primary limitation of P3HT, its large band gap and
consequently narrow absorption breadth, cannot be addressed this
way. On the other hand, it has been successfully shown that the
donor/acceptor (D/A) approach in combination with a random
copolymerization of electron-rich and electron-poor monomers
not only results in polymers with low band gap, but also broad
absorption due to the multichromophoric nature of the polymer
backbone [296e298]. This broad absorption of random D/A co-
polymers is in strong contrast to perfectly alternating D/A co-
polymers, which even though they have lowered band gaps often
suffer from narrow absorption breadths, thus limiting the achiev-
able Jsc [168,287,299e301]. Efﬁciencies of over 5% have been ach-
ieved with random D/A copolymers underlining the promise of this
class of polymers for the use in BHJ solar cells [289,302,303]. On the
other hand, the hole mobilities of these polymers are generally low
due to the large degree of disorder introduced by the random
polymerization [296e298] and, contrary to what the UVevis ab-
sorption proﬁle suggests, the photoresponse of the solar cells is
often very low at longer wavelengths, limiting the achievable
efﬁciencies.
With the goal of combining the favorable properties of P3HT,
such as semicrystallinity, high hole mobility and good miscibility
with fullerenes at low polymerefullerene ratios, with the broad
absorption of multichromophoric, random D/A copolymers, we
introduced semi-random hexylthiophene based copolymers and
Scheme 2 illustrates the ﬁrst generation of semi-random polymers
[304e308]. Semi-random copolymers are deﬁned by a randomized
polymer backbone, but due to the restricted linkage pattern of
monomers, achieved by a careful choice of functional groups
(Scheme 2b), a larger degree of structural order is retained than in
completely random copolymers. Scheme 2a illustrates the concept
of semi-random copolymers by showing a possible segment of a
semi-random polymer. A central element of semi-random
Table 2
Electronic and average photovoltaic properties of P3HTm-co-EHTn polymers [293].
PolymerePC61BM (ratio) Eg (optical)
(eV)
HOMO (eV)
(solution)
HOMO (eV)
(thin ﬁlm)
SCLC hole mobility
(cm2 V1 s1)f
Jsc (mA/cm2) Voc (V) FF PCE (%)
P3HT (1:1)a 1.9 5.25 5.17 2.30  104 9.67 0.60 0.60 3.48
P3HT90-co-EHT10 (1:0.8)b 1.9 5.25 5.30 1.77  104 9.26 0.63 0.51 2.80
P3HT75-co-EHT25 (1:0.8)c 1.9 5.30 5.43 1.39  104 9.85 0.69 0.57 3.85
P3HT50-co-EHT50 (1:3.5)d 1.9 5.32 5.48 1.07  104 2.52 0.85 0.35 0.74
P3EHT (1:3.0)e 2.0 5.28 5.57 2.87  105 2.54 0.90 0.36 0.83
aeeAll ﬁlms were spin-coated from chlorobenzene (CB) and annealed under N2 at the speciﬁed conditions after aluminum deposition.
a 145 C for 60 min.
b 110 C for 60 min.
c 110 C for 30 min.
d 110 C for 10 min.
e Tested as-cast.
f Measured for neat polymer ﬁlms.
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head-to-tail coupled 3-hexylthiophene, with only a small per-
centage of acceptor monomer (shown as an example is benzo-
thiadiazole (BTD)). As a consequence not only do these polymers
retain a P3HT-like character but, depending on the effective
conjugation length of the polymer, many different chromophores
can be envisioned instead of just one. This is demonstrated
conceptually in Scheme 2a, where chromophore I consists solely of
head-to-tail coupled P3HT, and will thus absorb shorter wave-
length photons, whereas chromophore II contains acceptor
monomers (shown with BTD as an example) and is thus able to
absorb longer wavelength photons due to the D/A effect, overall
resulting in a broader absorption spectrum of the polymer. Addi-
tionally, semi-random copolymers are designed to favor short-
range crystallinity, over long-range crystallinity which, as
explained above, is advantageous as it prevents large-scale phase
separation between the polymer and fullerene but still allows for
high hole mobility [263,283].
Scheme 2b shows an example for the established semi-random
Stille polymerization using DMF as the solvent and Pd(PPh3)4 as the
catalyst. Monomers for semi-random Stille polymerization are
shown in Scheme 2b and are carefully chosen to inherently avoid
sterically unfavorable linkages. The Stille polycondensation is used
due to excellent functional group tolerance, allowing a wide variety
of different comonomers to be incorporated into the semi-random
architecture. Importantly, all monomers used for semi-random
copolymers can be made in very few, simple steps, which is inFig. 6. HOMO levels of the P3HTm-co-EHTn polymers in the solid state (ﬁlled squares)
and Voc (circles) of the optimized solar cells as a function of amount of 2-ethylhexyl
side chains in the polymer backbone. Reproduced with permission from Ref. [293].
Copyright 2012 American Chemical Society.strong contrast to the ever-increasing complexity of monomers
used in perfectly alternating D/A polymers. Coupling of 2-bromo-5-
trimethyltin-hexylthiophene (1) monomers gives head-to-tail 3-
hexylthiophene linkages, which is desirable for efﬁcient solar
cells and is also illustrated in chromophore I in Scheme 2a. Scheme
2b also shows that acceptor monomers such as 4,7-dibromo-2,1,3-
benzothiadiazole (3) will react with donor monomers (1 or 2,5-
bis(trimethyltin)thiophene (2)) but not favor homocoupling,
which avoids long (insoluble) segments of acceptor in polymers
and enforces the generation of donoreacceptor interactions. The
unsubstituted thiophene comonomer (2) is used not only to give
stoichiometric balance in the polymerization, but also to further
alleviate any unfavorable steric interactions. As mentioned, these
restrictions in monomer connectivity help to overcome some of the
limitations random copolymers have, namely an amorphous
morphology and typically low hole mobilities as a consequence. As
can be seen in Scheme 2c between 65 and 80% of 2-bromo-5-
trimethyltin-hexylthiophene (1) is used in the semi-random co-
polymers and only 10e17.5% acceptor monomer in order to retain
the favorable properties of P3HT. The monomer incorporation ratio
in the polymer backbone can be determined by careful integration
of the 1H NMR spectra and is, for all presented semi-random co-
polymers, identical with the monomer feed ratio. Additionally, the
semi-random polymers are observed to give similar molecular
weights to P3HT (Mnz 15e25 kDa).
Scheme 2c shows semi-random copolymers of the ﬁrst gener-
ation, including P3HTTeBTD (10% benzothiadiazole (BTD) content),
P3HTTeTP (10% thienopyrazine (TP) content) and P3HTTeTPeBTD
(8.75% TP and 8.75% BTD content) where P3HTT stands for poly(3-
hexylthiophene-thiophene) as well as P3HTTand P3HTas reference
polymers. All three semi-random polymers containing an acceptor
have a lower band gap than P3HT (Table 3) and much broadened
absorption proﬁle (Fig. 7), with P3HTTeTPeBTD able to absorb
almost twice as many photons as P3HT.
As evidenced by peaks in the range of 5e7 (2q) in the grazing-
incidence X-ray diffraction (GIXRD) traces indexed as the (100)
peaks in analogy to P3HT (Fig. 8), P3HTTeBTD and P3HTTeTPeBTD
are semicrystalline, whereas P3HTTeTP is amorphous. It is sur-
prising that P3HTTeTP does not show any signs of crystallinity
considering that almost all other semi-random copolymers we re-
ported are semicrystalline, including others containing TP
[305,306,308]. A subtle, but important point illustrated in Fig. 8 is
based on the peak positions for the various polymers. Speciﬁcally,
note the shift to larger angles when comparing P3HT with P3HTTe
TPeBTD, where the absence of a peak in the position analogous to
P3HT indicates that ordering in these semi-random polymers is not
simply the consequence of packing continuous sequences of 3-
hexylthiophene. It is a common misconception that these semi-
random polymers are semi-crystalline as a consequence of such a
Scheme 2. (a) Concept of multichromophoric semi-random copolymers. (b) A representative synthetic scheme. (c) Structures of the ﬁrst generation of semi-random copolymers.
Reproduced with permission from Ref. [304]. Copyright 2011 American Chemical Society.
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lites that are rich in pure 3-hexylthiophene sequences. The absence
of peaks in the region consistent with P3HT in the GIXRD estab-
lishes that a new packing motif inﬂuenced by the nature of the
comonomer is present. Supportive of the effective ordering, hole
mobilities, determined using space-charge limit current (SCLC)
method [309], are extremely close to the hole mobility of P3HT
(Table 3), which further validated the concept of semi-random
polymers as P3HT analogs. The high hole mobilities were also
conﬁrmed for later generations of this family of polymers, as will be
discussed.
Even though the photovoltaic properties of this ﬁrst generation
of semi-random polymers (Table 3) were moderate, the unique
combination of properties these polymers possess, namely a
semicrystalline morphology and high hole mobility despite therandomized polymerization together with broad and intense ab-
sorption of the solar spectrum, spurred an intensive investigation
into this class of polymers.
The choice of the diketopyrrolopyrrole (DPP) unit as the
acceptor for the next generation of semi-random copolymers was
inﬂuenced by a growing number of recent reports of high efﬁciency
in BHJ solar cells with polymers and small molecules containing
this unit [310e315]. The presence of one thiophene on each side of
the DPP acceptor minimizes steric hindrance and induces planarity,
which enhances chain packing and intermolecular pep interaction,
making DPP a very attractive unit for incorporation into semi-
random copolymers [312,316,317].
All three synthesized polymers, P3HTTeDPP-5%, P3HTTeDPP-
10% and P3HTTeDPP-15% (Scheme 3), contain DPP as the acceptor
but in different quantities (5, 10 and 15% respectively) in order to
Table 3
Optical band gaps, average SCLC mobilities and average solar cell performance (Jsc,
Voc, FF and PCE) of ﬁrst generation semi-random copolymers [304].
PolymerePC61BM
(ratio)
Eg (optical)
(eV)e
SCLC hole
mobility
(cm2 V1 s1)f
Jsc
(mA/cm2)
Voc
(V)
FF PCE
(%)
P3HT (1:0.8)a 1.91 2.30  104 10.22 0.59 0.64 3.89
P3HTT 1.96 8.21  105 e e e e
P3HTTeBTD (1:5)b 1.62 2.06  104 2.87 0.79 0.33 0.75
P3HTTeTP (1:0.8)c 1.36 2.50  104 3.22 0.44 0.50 0.71
P3HTTeTPeBTD
(1:0.8)d
1.27 2.35  104 3.04 0.39 0.37 0.43
a Spin-coated from CB and annealed at 150 C for 30 min.
b Spin-coated from o-DCB and annealed at 100 C for 10 min.
c Spin-coated from o-DCB with 1.7% octanedithiol and tested as cast.
d Spin-coated from o-DCB and annealed at 100 C for 30 min.
e Determined from the onset of absorption in UVevis spectra in thin ﬁlms.
f Measured for neat polymer ﬁlms.
Fig. 8. Grazing-incidence X-ray diffraction of thin ﬁlms spin-coated from chloroben-
zene (CB) before and after annealing at 150 C for 30 min under N2. The inset shows
the region around 2q ¼ 5e7 in greater detail. Polymers shown are P3HT ((i) a, (i) b),
P3HTTeBTD ((iii) a) and P3HTTeTPeBTD ((v) a, (v) b) where b stands for before
annealing and a for after annealing. As-cast P3HTTeBTD ((iii) b) is amorphous and not
shown in the ﬁgure. Reproduced with permission from Ref. [304]. Copyright 2011
American Chemical Society.
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polymer properties but also the effect of the total acceptor content
[305].
In all three polymers, the introduction of DPP into the P3HT
backbone is observed to signiﬁcantly decrease the optical band gap
and lead to the formation of a distinct dual band absorption in
solutions and thin ﬁlms (Fig. 9). This type of absorption proﬁle is
often ascribed to pep* (short wavelength band) and ICT (intra-
molecular charge transfer) transitions (long wavelength band)
[235,318]. In the case of semi-random polymers, the dual band
absorption could more speciﬁcally be assigned to pep* transitions
of segments in the randomized polymer that are thiophene-rich
(short wavelength band, chromophore I Scheme 2a) and ICT tran-
sitions in segments that are rich in D/A linkages (long wavelength
band, chromophore II Scheme 2a). It is interesting to note, that as
the DPP content increases (10e15%), the polymer absorption proﬁle
begins to converge toward that observed for perfectly alternating
thiopheneeDPP polymers (as opposed to the broad absorption
proﬁle of random copolymers), which contain signiﬁcantly higher
contents (50%) of DPP acceptor [198,311,316,317]. Absorption co-
efﬁcients in thin ﬁlms of the ICT band of P3HTTeDPP-10% and
especially P3HTTeDPP-15% are approaching 105 cm1 and are
comparable to the peak value of P3HT. Another interesting feature
in the thin ﬁlm absorption spectra is the presence of the vibronicFig. 7. UVevis absorption of (i) P3HT, (ii) P3HTT, (iii) P3HTTeBTD, (iv) P3HTTeTP and
(v) P3HTTeTPeBTD in thin ﬁlm spin-coated from o-DCB and annealed for 30 min at
60 C under N2. Reproduced with permission from Ref. [304]. Copyright 2011 American
Chemical Society.features in the ICT band. The same vibrational shoulders were
observed in the case of other DPP-based polymers and small mol-
ecules [310,319], and were ascribed to the high degree of ordering
and strong intermolecular (pep) interactions [256]. The semi-
crystalline nature of all three P3HTTeDPP polymers was veriﬁed
with GIXRD measurements and is again reﬂected in the high SCLC
holemobilities (Table 4), which are on the same order of magnitude
as P3HT and reconﬁrm the P3HT-like character of semi-random
polymers.
The photovoltaic performance of P3HTTeDPP-5%, P3HTTeDPP-
10% and P3HTTeDPP-15% is summarized in Table 4. Importantly,
the broad and intense absorption and high mobility of the DPP-
containing semi-random polymers translate into a strong and
broad photoresponse (Fig. 10) of the polymerePC61BM solar cells
and consequently high Jsc and efﬁciencies of close to 6%. These re-
sults conﬁrm that semi-random P3HT analogs provide a simple andScheme 3. Synthesis and structures of P3HTTeDPP-5%, P3HTTeDPP-10% and P3HTTe
DPP-15%. Reproduced with permission from Ref. [305]. Copyright 2011 American
Chemical Society.
Fig. 9. UVevis absorption of polymers in thin ﬁlm (spin-coated from o-DCB) where (i)
is P3HT (black line) (annealed at 150 C for 30 min), (ii) is P3HTTeDPP-5% (red line) (as
cast), (iii) is P3HTTeDPP-10% (green line) (as cast) and (iv) is P3HTTeDPP-15% (blue
line) (as cast). Reproduced with permission from Ref. [305]. Copyright 2011 American
Chemical Society.
Fig. 10. EQE of the BHJ solar cells based on P3HT (black squares), P3HTTeDPP-5% (red
circles), P3HTTeDPP-10% (green triangles) and P3HTTeDPP-15% (blue stars) with
PC61BM as the acceptor, under optimized conditions for device fabrication.
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response in BHJ solar cells and emphasize the enormous potential
of this family of copolymers.
Even though efﬁciencies of solar cells based on DPP-containing
semi-random copolymers are high, they are inherently limited due
to high HOMO energies (5.2 eV for all three P3HTTeDPP polymers)
and resultingmoderate Voc. The acceptor thienopyrrolodione (TPD),
on the other hand has recently gained signiﬁcant attention and has
been used in many D/A copolymers with high solar cell efﬁciencies
generally showing large Voc and lowHOMO levels and is thus a very
interesting acceptor monomer for semi-random polymers
[161,234,301,321e324]. The UVevis absorption proﬁles of P3HTTe
TPD-10% and P3HTTeTPD-15% (see Scheme 4 for structures) in thin
ﬁlms are shown in Fig. 11 [306]. The absorption proﬁles of the TPD-
containing polymers are slightly broadened compared to P3HT but
are much narrower than for DPP-containing semi-random poly-
mers with a strong absorption in the visible, indicating that TPD is a
weaker acceptor than DPP [107]. Even though the Voc of TPD-based
semi-random copolymers is, as predicted, higher (0.72 V and
0.68 V) than for DPP-based polymers and the hole mobilities are
also high, the solar cell efﬁciencies are moderate due to the narrow
absorption breadth and consequently low Jsc (Table 5).
The second generation semi-random polymers containing
either DPP or TPD acceptors established the potential of this class ofTable 4
Optical band gaps, SCLC mobilities and solar cell performance (Jsc, Voc, FF and PCE) of
P3HTTeDPP-5%, P3HTTeDPP-10% and P3HTTeDPP-15% [305].
PolymerePC61BM
(ratio)
Eg
(optical)
(eV)b
SCLC hole
mobility
(cm2 V1 s1)c
Jsc
(mA/cm2)d
Voc
(V)
FF PCEavg
(PCEpeak)
(%)
P3HTTeDPP-5%
(1:1)a
1.52 1.1  104 9.57 0.66 0.58 3.60
(3.73)
P3HTTeDPP-10%
(1:1.3)a
1.51 2.3  104 14.62 0.59 0.64 5.53
(5.73)
P3HTTeDPP-15%
(1:2.6)a
1.46 1.3  104 14.28 0.51 0.65 4.66
(4.72)
a Spin-coated from o-DCB and tested after 20 min under N2 before aluminum
deposition.
b Determined from the onset of absorption in UVevis spectra in thin ﬁlms.
c Measured for neat polymer ﬁlms.
d Mismatch corrected [320].polymer for use in solar cells. However, among the semi-random
polymers, P3HTTeTPeBTD (Scheme 2) containing two distinct ac-
ceptors (BTD and TP with a total acceptor content of 17.5%) is of
special interest because of the unprecedented strong and uniform
light absorption (Fig. 7), even though it has shown only moderate
solar cell efﬁciency [304]. For comparison, only a small number of
other random conjugated polymers with multiple acceptor
monomers have been studied in polymer solar cells [302,325e327].
Even though the currents reported in such examples do not
necessarily reﬂect the broad absorption proﬁles, and in some cases
can be primarily attributed to absorption by PC71BM, strong solar
cell performance in several cases gives reason to believe that this
class of polymers, containingmultiple distinct acceptors, as awhole
is very promising. The complementary absorption proﬁles of
P3HTTeDPP (both 10% and 15% acceptor content) and P3HTTeTPD
(both 10% and 15% acceptor content) (see Figs. 9 and 11) as well as
the higher Voc of P3HTTeTPD, make TPD and DPP a promising
acceptor monomer combination for investigating semi-random
two-acceptor polymers in more detail. As such, two-acceptor co-
polymers were made in an identical manner to Scheme 4 with the
addition of DPP monomer [306]. The ratio of acceptors was varied
and the total acceptor content was kept constant at 15% resulting in
P3HTTeTPDeDPP (1:1) (7.5% TPD and 7.5% DPP), P3HTTeTPDeDPP
(2:1) (10% TPD and 5% DPP) and P3HTTeTPDeDPP (1:2) (5% TPD
and 10% DPP) (Scheme 5). The total acceptor monomer content was
chosen as 15% in order to ensure good solubility of the resulting
two-acceptor copolymers as well as to retain their P3HT-like
character while providing a broad enough range over which to
vary the relative content of the two acceptor monomers. As with
the previously discussed examples of semi-random polymersScheme 4. Synthesis and structures of P3HTTeTPD-10% and P3HTTeTPD-15%.
Fig. 11. UVevis absorption of polymers in thin ﬁlm (spin-coated from o-DCB and
solvent annealed for 20 min under N2) where (i) is P3HTTeTPD-10% (red line) and (ii)
is P3HTTeTPD-15% (orange line).
Scheme 5. Structures of semi-random two-acceptor polymers containing TPD and
DPP. Reproduced with permission from Ref. [306]. Copyright 2012 American Chemical
Society.
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polymers beneﬁt from a highly reproducible synthesis and batch-
to-batch consistency of polymer properties.
The UVevis spectra of these two-acceptor polymers in thin ﬁlm
are shown in Fig. 12. All three polymers show broad and intense
absorption with absorption coefﬁcients of up to 8  104 at 700 nm
for P3HTTeTPDeDPP (1:2). The absorption peaks are observed to
rise and fall according to the change in acceptor ratio and the
overall absorption proﬁles mimic the weighted sum of the corre-
sponding one-acceptor absorption proﬁles of P3HTTeDPP and
P3HTTeTPD. The broad absorption proﬁles are reﬂected in the
photocurrent response (Fig. 13) of the polymerePC61BM solar cells
where P3HTTeTPDeDPP (1:1) and P3HTTeTPDeDPP (1:2) have
peak EQE values of 61% and 68% at 680 nm, respectively, and at
800 nm show impressive EQE values of 29% and 40%, which is rarely
achieved by conjugated polymers.
Solar cell efﬁciencies are close to 5% (Table 6) due to a combi-
nation of very large Jsc and very high FF. Current densities exceed
16 mA/cm2, which is much higher than for previously published
polymers containing multiple acceptors and, to the best of our
knowledge, the highest current densities achieved for polymer BHJ
solar cells with PC61BM as the acceptor [302,325,326].
The simple and modular nature of the semi-random polymeri-
zation leads to an almost inﬁnite combination of structures that can
be targeted, even with a relatively small subset of monomers. For
example, we have also explored the inﬂuence of the simultaneousTable 5
Optical band gaps, SCLC mobilities and solar cell performance (Jsc, Voc, FF and PCE) of
P3HTTeTPD-10% and P3HTTeTPD-15% [306].
PolymerePC61BM
(ratio)
Eg
(optical)
(eV)b
SCLC hole
mobility
(cm2 V1 s1)c
Jsc
(mA/cm2)d
Voc
(V)
FF PCEavg
(PCEpeak)
(%)
P3HTTeTPD-10%
(1:1.5)a
1.82 0.8  104 5.38 0.72 0.58 2.22
(2.30)
P3HTTeTPD-15%
(1:1.3)a
1.80 0.7  104 5.33 0.68 0.56 2.02
(2.08)
a Spin-coated from CB and tested as cast.
b Determined from the onset of absorption in UVevis spectra in thin ﬁlms.
c Measured for neat polymer ﬁlms.
d Mismatch corrected.incorporation of electron rich and electron poor monomers in a
semi-random polymer [307] and we have further explored the in-
ﬂuence of pairing two distinct acceptors in the polymer backbone
[308]. However, the examples described above illustrate the po-
tential of this class of polymer for application in polymerefullerene
BHJ solar cells. Speciﬁcally, the semi-random polymers are based on
a synthetic platform that is deﬁned by simplicity. Reported poly-
mers contain 65e90% 3-hexylthiophene and incorporate only 5e
17.5% of acceptor monomer. Acceptor monomers are not only used
in a very small quantity, but are typically synthesized in only a few
steps.
The hallmark of semi-random polymers is that the attractive
properties of P3HT are retained while the band gap and band en-
ergies are tuned via the content and identity of acceptor monomersFig. 12. UVevis absorption of polymers in thin ﬁlm (spin-coated from o-DCB and
solvent annealed for 20 min under N2) where (i) is P3HTTeTPDeDPP (2:1) (blue line),
(ii) is P3HTTeTPDeDPP (1:1) (purple line) and (iii) is P3HTTeTPDeDPP (1:2) (green
line). Reproduced with permission from Ref. [306]. Copyright 2012 American Chemical
Society.
Fig. 13. EQE of the BHJ solar cells based on P3HTTeTPDeDPP (2:1) (blue squares),
P3HTTeTPDeDPP (1:1) (purple triangles) and P3HTTeTPDeDPP (1:2) (green circles).
Reproduced with permission from Ref. [306]. Copyright 2012 American Chemical
Society.
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acceptors also allows for unprecedented broadening of the ab-
sorption spectrum through the multichromophoric effect and al-
leviates the necessity of using C70 fullerenes as acceptors. With this
platform we have demonstrated several examples of semi-random
polymers that give Jsc> 14mA/cm2 and even exceeding 16mA/cm2,
which is the highest ever reported value for a polymer solar cell
based on a C60 acceptor. Importantly the FF of the solar cells have
exceeded 0.6 and in several cases have even reached 0.65, despite
being measured in air. As such, the semi-random polymers
combine the tunability necessary to move toward higher efﬁciency
while maintaining the simplicity in synthesis that is consistent
with the vision of organic solar cells as an inexpensive platform for
solar energy conversion.3.4. Simplifying synthesis via direct arylation polymerization
(DArP)
A central element of the semi-random polymerization is
simpliﬁcation of polymer synthesis through a focus on controlling
polymer properties via choice and composition of a small amount
of acceptor monomer drawn from a subset of easily synthesized
acceptors (“polymer approach”) as opposed to the highly speciﬁc
tailoring of donor and acceptor monomer structures to controlTable 6
Optical band gaps, SCLC mobilities and solar cell performance (Jsc, Voc, FF and PCE) of
P3HTTeTPDeDPP (1:1), P3HTTeTPDeDPP (2:1) and P3HTTeTPDeDPP (1:2) [306].
PolymerePC61BM
(ratio)
Eg
(optical)
(eV)b
SCLC hole
mobility
(cm2 V1 s1)c
Jsc
(mA/cm2)d
Voc
(V)
FF PCEavg
(PCEpeak)
(%)
P3HTTeTPDeDPP
(1:1) (1:1)a
1.48 1.5  104 15.26 0.51 0.64 4.93
(5.03)
P3HTTeTPDeDPP
(2:1) (1:1.5)a
1.50 2.6  104 11.67 0.55 0.62 3.94
(4.11)
P3HTTeTPDeDPP
(1:2) (1:2.0)a
1.47 1.9  104 16.37 0.50 0.61 4.92
(4.97)
a Spin-coated from o-DCB and tested after 20 min under N2 before aluminum
deposition.
b Determined from the onset of absorption in UVevis spectra in thin ﬁlms.
c Measured for neat polymer ﬁlms.
d Mismatch corrected.electronic properties in perfectly alternating polymers (“monomer
approach”). While the Stille polymerization has proven highly
effective for synthesizing a broad range of semi-random polymers,
this method also leaves room for improvements that can further
simplify the synthesis and target more practical methods for large
scale synthesis. Speciﬁcally, the Stille method requires monomers
containing alkyltin functional groups, which are toxic and
frequently unstable. Further, the synthesis of stannylated mono-
mers typically requires a lithiationemetallation step under air-free
cryogenic conditions. Eliminating these additional steps and the
toxic tin byproducts of polymerization is highly desirable [328].
Along these lines our group has explored an emerging method
of CeH activation polymerization, so-called Direct Arylation Poly-
merization (DArP) [329e332] for the synthesis of semi-random
polymers. DArP is generally considered to be a green alternative
to Stille polymerization since it does not require preparation of
organotin derivatives of monomers, which eliminates toxic waste
and reduces the number of synthetic steps. This is very advanta-
geous since many stannylated monomers are unstable and difﬁcult
to purify [333]. While the direct arylation of small molecules has
been known for several years [334], DArP has emerged only
recently and it has been broadly applied to prepare a variety of
conjugated polymers.
For the synthesis of P3HT via DArP several conditions have been
explored [335e339]. The most effective to date have been the
conditions developed by Ozawa et al. [339]. The optimized proce-
dure includes Herrmann’s catalyst, cesium carbonate, tris(o-(N,N-
dimethyl)anilyl)phosphine and THF as a solvent. The reaction was
conducted at 120 C in a pressurized vessel. These are also the
conditions that have been used with modiﬁcations by Leclerc et al.
to prepare a variety of alternating donoreacceptor conjugated co-
polymers [324,340e343]. In general, toluene was used as a solvent,
tris(o-methoxyphenyl)phosphine was used as a ligand and pivalic
acid was used as an additive. The reaction temperature was kept at
120 C and the reaction was performed in a pressurized vessel as
well. These conditions are relatively complex since together with
sophisticated catalysts and ligands, this method requires super-
heated solvent and a pressurized reaction vessel that may also
complicate the scale up of such reactions.
More attractive conditions for direct arylation were developed
by Fagnou et al. [334,344,345]. The conditions include palladium
(II) acetate (Pd(OAc)2) as a catalyst, N,N-dimethylacetamide (DMA)
as a solvent, potassium carbonate (K2CO3) as an insoluble inorganic
base, and a carboxylic acid that generates carboxylate anion in situ,
which acts as a soluble organic base. These conditions allow the
reaction to be performed at ambient pressure with inexpensive and
bench stable reagents. Therefore, it is easy to conduct and scale up
this reaction. The Fagnou conditions have been successfully applied
to synthesize various conjugated polymers with high yields and
high molecular weights [346e351], although not previously for the
synthesis of P3HT.
Recently, we have employed this protocol to synthesize P3HT
and selected semi-random P3HT analogs and we have compared
the properties of these polymers to previously reported Stille
polymers [337]. The polymerizations are illustrated in Scheme 6
and the polymer properties are summarized in Table 7. As seen in
Table 7, DArP yields polymers with molecular weights similar to
those of Stille polymers in most cases. However the properties of
DArP polymers were markedly different from Stille polymers.
Speciﬁcally, the absorption onset and intensity were lower for DArP
polymers, as illustrated in Fig. 14. Additionally, the melting and
crystallization transitions were observed to be at lower tempera-
tures for DArP P3HT and completely absent for DArP P3HTTeBTD
and P3HTTeDPP. These differences are consistent with more
disordered polymers characterized by defects induced by the
Scheme 6. Synthetic routes to semi-random polymers via DArP and Stille methods: (a) P3HTTeBTD, (b) P3HTTeDPP, (c) P3HT, (d) carbon designations in 3-hexylthiophene.
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DArP is 88%, whereas Stille gives 93%, indicating an increase in
unfavorable linkages in DArP. Furthermore, it is evident that the
DArPmethod leads to so-called b-defects or linkages through the 4-
position of the thiophene (Scheme 6d). These defects prevent the
chains from effective packing and ordering. The possibility of DArP
producing b-defects has been previously postulated and corrobo-
rated by small-molecule modeling [346] and supported via 1H NMRTable 7
Properties of polymers prepared by Stille and DArP methods [337].
Polymer Method Temperature, C Mn, kDa PDI Yield, % RR,a %
P3HTTeBTD DARP 70 19.2 2.4 47 e
P3HTTeBTD Stille 95 20.5 2.6 67 e
P3HTTeDPP DARP 70 6.8 3.2 53 e
P3HTTeDPP Stille 95 13.7 2.6 66 e
P3HT DARP 70 14.3 2.9 44 88
P3HT DARP 95 15.5 2.9 39 88
P3HT Stille 95 15.2 2.6 74 93
a Regioregularity obtained by 1H NMR measurements.in a recent report [352]. The presence of an insoluble and likely
crosslinked fraction in these initial DArP polymers also supported
the presence of b-defects.
The formation of b-defects is consistent with the nature of the
CeH activation mechanism of DArP. For P3HT and semi-random
P3HT analogs there are distinct aromatic protons on the 2-
bromo-3-hexylthiophene monomer and the growing polymer
chain e the more reactive a-proton and the less reactive b-proton
(Scheme 6d). The abstraction of the a-proton leads to the favorable
linear polymer chain, whereas the abstraction of the b-proton re-
sults in the formation of b-defects, as illustrated in Fig. 15. Addi-
tionally, with semi-random polymers other aromatic protons on
thiophene or even on the DPP acceptor are available for activation.
It is clear that the path to optimizing the synthesis of semi-random
polymers via DArP requires control over the synthesis of P3HT and
the improvement of selectivity of CeH activation. Toward this end
we have focused on converging the properties of DArP P3HT and
Stille P3HT through optimization of the synthetic protocol, while
working to preserve the attractive simplicity of this method.
As such, we centered our approach on using the reactivity dif-
ference between a- and b-protons of 3-hexylthiophene tominimize
Fig. 14. UVevis absorption spectra of DArP and Stille polymers. (a) P3HTTeBTD; (b)
P3HTTeDPP; (c) P3HT, where the designations DARP95 and DARP70 refer to the
temperature at which the polymerization was conducted (Table 7). Reproduced with
permission from Ref. [337]. Copyright 2012 Wiley.
Fig. 15. Illustration of (a) fragment of P3HT chain without b-defects; (b) fragment of
P3HT chain with a b-defect. Reproduced with permission from Ref. [337]. Copyright
2012 Wiley.
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enough to produce a high molecular weight polymer in a reason-
able yield. For this purpose, the inﬂuence of the reaction temper-
ature and catalyst loading on the properties of P3HT (such as
melting and crystallization points, molecular weight, yield and
regioregularity) was studied. It was found that lowering thetemperature of the reaction mixture from 120 C to 20 C results in
a steady increase of the melting and crystallization points and
regioregularity of P3HT, at the same time, however, the molecular
weight experienced a decrease [338]. The same effect was observed
for the lowering of the catalyst loading from 2 mol% to 0.25 mol%.
The best balance of properties was found for P3HT prepared at
70 C with 0.25 mol% of Pd(OAc)2 and 48 h of reaction time, which
resulted in 50% yield and anMn of 16 kDa (PDI ¼ 2.3), an RR of 93%
with a Tm of 207 C and a Tc of 178 C. In order to match the
properties of DArP P3HT with those of Stille P3HT more closely, we
further minimized the reactivity of the sterically hindered b-pro-
tons through increasing the bulk of the catalytic system, as illus-
trated in Scheme 7a. This has been achieved by using a bulkier
branched neodecanoic acid (NDA) [353] in place of pivalic acid
(PivOH) (Scheme 7b). The optimized conditions and the properties
of P3HT are summarized in Scheme 8.
As a result of the extensive optimization of DArP parameters, the
properties of DArP and Stille P3HT were closely matched. As such,
both methods produced P3HT with reasonable yields (w60e70%),
molecular weights (w20 kDa), PDIs (2.7e2.8) and regioregularities
(w93%). Furthermore, the melting and crystallization points of the
optimized DArP P3HT have been measured to be 217 C and 187 C
respectively. These values are similar to those of Stille P3HT, which
melts at 214e221 C and crystallizes at 185e186 C
[293,304,305,307]. The convergence of the optical properties of
DArP and Stille P3HT was also observed. As illustrated by the UVe
vis spectra of DArP and Stille P3HT in Fig. 16, the absorption onset
and intensity of the optimized DArP P3HT are remarkably similar to
those of Stille P3HT, which themselves differ greatly from those of
unoptimized DArP P3HT (DArP95). These results demonstrate the
potential of simple and attractive DArP conditions for the synthesis
of alkylthiophene-based conjugated polymers with high quality.
It is clear that DArP opens an avenue to further simplifying the
synthesis of semi-random polymers. Taken as a whole, the efforts
toward simple polymer design discussed in the preceding sections
demonstrate that the “polymer approach” to optimizing the per-
formance of BHJ solar cells offers great potential and maintains
consistency with the central vision of OPV as a simple and inex-
pensive technology.
Scheme 7. (a) Hypothetical steric hindrance of b-protons of P3HT chain; (b) chemical
structures of pivalic acid (PivOH) and neodecanoic acid (NDA). Reproduced with
permission from Ref. [338]. Copyright 2013 Wiley.
Fig. 16. The UVevis spectra of unoptimized DArP95 P3HT (black curve), optimized
DArP P3HT (red curve), and Stille P3HT (blue curve).
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architecture with great potential
4.1. Motivation, scope, and background
Simple, practical synthesis of conjugated polymers is motivated
by the desire to maintain consistency with the vision of OPV as a
low-cost platform for solar energy conversion. However, this
approach must also be balanced with the necessity of moving to
higher efﬁciencies that are required for a viable technology.
As noted in Section 2, the very best polymerefullerene solar cells
reported to date are only 9.2% efﬁcient [30]. By most measures,
this is still too low for practical application [13]. Tandem cells
[33,45e50] provide a clear path to higher efﬁciency, with efﬁ-
ciencies of 10e12% already demonstrated for various OPV tech-
nologies [28,32,50,354,355]. Speciﬁcally, polymerefullerene based
tandem cells are reported to achieve 10.6% efﬁciency [28]. The in-
crease in efﬁciency from 9.2% to 10.6% when moving from a single
junction polymerefullerene BHJ solar cell to a tandem cell is
however accompanied by a signiﬁcant increase in the complexity ofScheme 8. Reaction conditions and properties of P3HT: (a) unoptimized DArP P3HT
(DArP95); (b) optimized DArP P3HT; (c) Stille P3HT.device design and fabrication. Fig.17a illustrates typical tandem cell
architectures. One obvious drawback of tandem cells is the
inability to process the active layer in a single processing step
as in the case of binary blend BHJ solar cells [33,45e50]. Further-
more, an intermediate recombination layer, which is deposited in
yet another additional processing step, requires a speciﬁc set of
electro-optical properties in order to efﬁciently recombine and
transport charges [356,357]. Nonetheless, tandem cells offer the
potential to move toward a practical efﬁciency limit of 14e15%
[45,46,151,152,154,155,358], while the practical efﬁciency of single
junction polymerefullerene cells is only 10e12%, as dictated by the
JsceVoc compromise as detailed in Section 2 [14,40,42e44,116,150e
155]. The balance of potential for higher efﬁciency with the cost of
increased complexity of device fabrication with tandem cells pre-
sents a strategic challenge in the ﬁeld of OPV. A route promising
efﬁciency competitive with tandem cells that does not sacriﬁce
the attractive simplicity of single active-layer devices is highly
desirable.
When trying to conform the concept of tandem cells to the
attractive simplicity of single layer solar cells, it is useful to un-
derstand the beneﬁts of tandem cells. First, tandem cells provide a
broader, more effective harvesting of the solar spectrumwhen two
(or more) layers with complementary absorption are used
[28,31,33,45e50]. Further, when the sub-cells are connected in
series (as is most common) the Voc can approach the sum of the Voc
values for the individual sub-cells [28,31,33,45e50]. As such, an
enhancement in photon harvesting and Voc leads to the potential
for higher efﬁciencies than with single-junction cells.
As a potential alternative to tandem cells, ternary blends have
been explored bymany groups over the last decade. A ternary blend
device is a single active layer device illustrated schematically in
Fig.17b and analogous to the typical BHJ solar cell shown in Fig. 1. In
this context, a ternary blend is composed of a combination of three
distinct electron donor and acceptor species inwhich at least two of
the components combine to provide a synergistic broadening of the
absorption spectrum. The pairing of components can take on a
variety of identities with either two donors and an acceptor [359e
383], two acceptors and a donor [359,384e402], or a donor,
acceptor, and intermediary species [199,359,383,403e438]. Addi-
tionally, polymers, fullerenes, discrete molecules, and inorganic
nanocrystals have been used in all combinations and in many cases
a broadening of the absorption spectrum has been observed to
translate into a broadened EQE response and higher Jsc than in any
limiting binary blend combination of the constituent components
[360,362e364,367,368,376,380,381,388,401,421,422,439,440].
Fig. 17. (a) Tandem solar cells in standard and inverted conﬁguration. (b) Ternary blend BHJ solar cells. (c) The proposed origin of the open-circuit voltage pinning in ternary blend
BHJ solar cells. Reproduced with permission: (a) from Ref. [50], (c) from Ref. [359].
Fig. 18. Structures and corresponding HOMO and LUMO energy levels of P3HT, ICBA
and PC61BM. Reproduced with permission from Ref. [384]. Copyright 2011 American
Chemical Society.
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to be highly composition dependent, where only small amounts
of the third component causes sharp decreases in the FF
[381,401,403,407,411,421]. Further, a generally (but not exclusively)
observed phenomenon is that the Voc of ternary blend solar cells is
pinned to the lesser of possible values based on the limiting binary
blends [363,364,369,370,376,388,404e406,414,417,420]. The Voc
pinning can be rationalized with a simple HOMOeLUMO energy
diagram, illustrated schematically in Fig.17c for the case of a system
based on two donors and one acceptor. Conceptually, after exciton
dissociation, holes formed in either donor HOMO will ultimately
come to reside in the highest-lying HOMO via an energetically
favored charge transfer between the two donors. As a consequence,
the highest-lying donor HOMO energy level becomes a Voc deter-
mining level, pinning the Voc to the smallest of the two limiting
potential values [364].
The latter feature concerning the Voc presented the strongest
barrier for ternaryblendsasapotentiallysimpliﬁedanalogof tandem
cells. If the voltage is necessarily pinned to the lesser value, dimin-
ishing voltages with increasing absorption breadth (decreasing
polymer band gap)would render little advantage over binary blends.
However, a sufﬁcient number of scattered reports existed prior to
2011 in which ternary cells displayed intermediate values of the Voc
relative to the limiting binary blends towarrant further investigation
into the potential to move beyond the smallest Voc while still
broadening the photocurrent response [368,390,395,403,411].
Despite the historical limitations of ternary blends, the platform
does offer the enticing potential of retaining the simplicity in de-
vice fabrication of BHJ solar cells (binary blends) while introducing
the potential of multiple donoreacceptor interactions found in
tandem cells to improve light harvesting and achieve values of the
Voc higher than that of the lowest limiting value. In order to validate
the potential of this platform our goal has been to understand the
nature of the Voc in ternary blends.
4.2. Tuning the open-circuit voltage (Voc) in ternary blend solar
cells
4.2.1. Polymer:fullerene:fullerene ternary blends
Prior to 2011 it had not been established if it was possible to
generate ternary blend solar cells with intermediate Voc and high FF
across a broad composition regime. Further, it was not understoodif and how the Voc could be modulated by mixing of multiple
electronically complementary components without negatively
inﬂuencing charge transport. Toward this end, we designed a three
component system in order to probe the composition dependence
of the Voc in ternary blend BHJ solar cells [384]. Themodel system is
based on P3HT as the donor and two soluble fullerene acceptors,
PC61BM and ICBA (Fig. 18). This model system was chosen for
several reasons. First, the P3HTePC61BM binary blend is the most
widely studied polymerefullerene pair [249]. Second, the P3HTe
ICBA BHJ solar cell can be optimized under the same conditions of
solvent, concentration, polymerefullerene ratio, and annealing
conditions as for P3HTePC61BM to give solar cells with equally
high FF [184,272]. This enables the fabrication of ternary blends
across the entire composition regime where the only variable is the
ratio of the two acceptors. Importantly, the difference in the LUMO
energies of the two fullerenes [44,441,442] is sufﬁcient to give
nearly 250 mV difference in the Voc of the limiting binary blends
[184,272].
Fig. 19. Open-circuit voltage (Voc) of the P3HT:PC61BM:ICBA ternary blend BHJ solar
cells as a function of the amount of ICBA in the blends. Reproduced with permission
from Ref. [384]. Copyright 2011 American Chemical Society.
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was kept constant at 1:1, while the ratio between PC61BM and ICBA
was varied with a 10% increment. Each P3HT:PC61BM:ICBA ternary
blend solar cell was processed with individually optimized
annealing time, but with a constant temperature of 150 C with the
purpose of achieving optimal device performance while the active
layer thickness was kept constant at w100 nm for all three
component compositions. The data for the series of solar cells is
shown in Table 8.
Themost signiﬁcant observations from Table 8 are that the Voc is
regularly increasing from 0.605 V to 0.844 V as the amount of the
ICBA in the ternary blend BHJ solar cell is increased (illustrated in
Fig. 19) and that the FF remains above 0.57 for all compositions
despite measurement in air. This signiﬁes the ﬁrst evidence of the
composition-dependent tunability of the Voc in ternary blend BHJ
solar cells, and furthermore establishes that high FF can be ach-
ieved across the entire composition range of a ternary system. This
proves that the Voc is not necessarily pinned to the smallest Voc of
the corresponding binary blends and that with careful selection of
donor and acceptor materials efﬁcient ternary blend BHJ solar cells
are possible. Importantly, the high FF (above 0.57) obtained for each
P3HT:PC61BM:ICBA ternary blend solar cell, is attributed to a
balanced and trap free charge transport through the bulk
[141,236,237,270,443,444], and favorable morphology [69e72] and
was supported by transmission electron microscopy (TEM) images.
As such, charge separation and transport do not appear to be hin-
dered in the ternary blend solar cells.
While the Voc is composition dependent and the FF is consis-
tently high, the Jsc of the ternary blend system decreases as the
amount of ICBA in the ternary blend solar cell is increased. This is
explained based on the signiﬁcantly lower absorption coefﬁcient of
ICBA in the visible part of the solar spectrum with respect to
PC61BM and since the active layer thicknesses were kept constant
for all ternary blend solar cells, the photoresponse (EQE values)
decreases as the ICBA amount in the three component system is
increased, as represented in Fig. 20. To verify the possibility of
achieving higher Jsc in the case of high contents of ICBA, increased
ﬁlm thicknesses of P3HT:PC61BM:ICBA photovoltaic devices at
1:0.5:0.5 (137 nm) and 1:0:1 (174 nm) ratios showed improved Jsc,
FF and h of 9.82 mA/cm2, 0.59, 3.92% and 9.23 mA/cm2, 0.59, 4.55%,
respectively, with essentially no change in the Voc at 0.682 V and
0.839 V, relative to the devices reported in Table 8, thus proving theTable 8
Photovoltaic properties of P3HT:PC61BM:ICBA ternary blend BHJ solar cells at
different fullerene ratiosa [384].
P3HT:PC61BM:ICBA Jsc (mA/cm2) Voc (V)b FF h (%)
1:1:0c 9.90 0.605 0.60 3.57
1:0.9:0.1d 9.22 0.618 0.59 3.29
1:0.8:0.2d 9.11 0.631 0.57 3.28
1:0.7:0.3e 8.58 0.649 0.58 3.22
1:0.6:0.4f 8.31 0.669 0.58 3.11
1:0.5:0.5g 8.27 0.688 0.57 3.18
1:0.4:0.6e 8.18 0.709 0.57 3.22
1:0.3:0.7h 8.14 0.741 0.57 3.34
1:0.2:0.8d 8.19 0.769 0.59 3.69
1:0.1:0.9d 8.18 0.804 0.60 3.91
1:0:1h 8.23 0.844 0.58 3.98
a Devices were spin-coated from CB and after aluminum deposition annealed at
150 C under N2 for the speciﬁed times.
b Standard deviations of less than 0.005 were observed in all cases for averages
over eight pixels.
c 60 min.
d 20 min.
e 40 min.
f 30 min.
g 50 min.
h 10 min.possibility of simultaneously achieving high Jsc and FF and tunable
Voc in the ternary blend BHJ solar cells.
Another important observation made from this study was that
important properties of P3HT remained the same at all
P3HT:PC61BM:ICBA ratios. As can be seen in Fig. 21a, the vibronic
shoulder at 600 nm in the absorption spectrum, which is attributed
to the interchain vibrational absorption induced by a high degree of
ordering and strong interchain interaction [256,257,445], is present
for all P3HT:PC61BM:ICBA blends. Furthermore, the degree of P3HT
crystallinity, measured using GIXRD (Fig. 21b), was found to be
similar with the corresponding interchain distance (100) for P3HT
in the range of 16.4e16.7 A. As such, the ability to retain semi-
crystallinity in P3HT is not hindered in the ternary blends.
The results with this model ternary system established several
important concepts, indicating that the Voc in ternary blend BHJ
solar cells is not limited to the smallest Voc of the corresponding
binary blend solar cells, but can be varied between the extreme Voc
values without detriment to the FF or Jsc. By extension, these results
suggest a route to enhance the efﬁciency of single layer BHJ solar
cells through the judicious selection of donor and acceptor com-
ponents with complementary absorption characteristics and suit-
ably aligned energy levels to allow broad photon harvesting (high
Jsc) with a Voc larger than that dictated by the component with the
smallest band gap. As such, a higher Voc should be achievable
for a given Jsc thanwith binary blends, giving a path to alleviate the
JsceVoc compromise that limits the efﬁciency of polymerefullerene
BHJ solar cells.
4.2.2. Polymer:polymer:fullerene ternary blends
Despite the conceptual step forward achieved for ternary blend
BHJ solar cells, the model system described above, based on a poly-
mer donor and two fullerene acceptors, does not enable an overall
efﬁciency increase of the ternary blend solar cells beyond the cor-
responding binary blend solar cells due to the lack of increase of the
Jsc, since all three components absorb the same part of the solar
spectrum (Fig. 20a) [384]. Toward overcoming this limitation, a
transition to ternary systemsbasedona single fullereneacceptor and
two mutually effective donor polymers exhibiting complementary
absorption properties and energy levels was pursued [360].
For this purpose, the model ternary blend system (Fig. 22) of
two donor polymers, high band gap poly(3-hexylthiophene-co-3-
(2-ethylhexyl)thiophene) (P3HT75-co-EHT25) [293] and low band
gap poly(3-hexylthiophene-thiopheneediketopyrrolopyrrole)
Fig. 20. (a) UVevis absorption spectra of thin ﬁlms spin-coated from chlorobenzene
(CB) and annealed at 150 C under N2 for 20 min, where (i) is P3HT (black line), (ii) is
PC61BM (red line) and (iii) is ICBA (blue line). (b) External quantum efﬁciency of the
ternary blend BHJ solar cells based on P3HT:PC61BM:ICBA at different ratios: 1:1:0 (red
squares), 1:0.5:0.5 (green circles), 1:0:1 (purple triangles) at thicknesses 95e105 nm
presented in Table 8. Reproduced with permission from Ref. [384]. Copyright 2011
American Chemical Society.
Fig. 21. (a) UVevis absorption spectra of thin ﬁlms spin-coated from chlorobenzene
(CB) and annealed at 150 C under N2 for 20 min with P3HT:PC61BM:ICBA ratios: (i) is
1:1:0 (red line), (ii) is 1:0.8:0.2 (blue line), (iii) is 1:0.5:0.5 (green line), (iv) is 1:0.2:0.8
(black line) and (v) is 1:0:1 (purple line). (b) Grazing-incidence X-ray diffraction of thin
ﬁlms of P3HT:PC61BM:ICBA spin-coated from chlorobenzene (CB) and annealed at
150 C under N2 for 20 min, where (i) is 1:1:0 (red line), (ii) is 1:0.2:0.8 (blue line), (iii) is
1:0.5:0.5 (green line), (iv) is 1:0.8:0.2 (black line) and (v) is 1:0:1 (purple line). Repro-
duced with permission from Ref. [384]. Copyright 2011 American Chemical Society.
P.P. Khlyabich et al. / Polymer 54 (2013) 5267e5298 5285(P3HTTeDPP-10%) [305], and PC61BM as an acceptor was used. The
selected donor polymers together with PC61BM provide broad and
uniformly strong absorption from 300 to 830 nm. Importantly, the
HOMO levels of the two polymers are different, with the larger
band gap P3HT75-co-EHT25 showing a lower HOMO of 5.4 eV [293]
to enable Voc tuning and target a larger Voc in the ternary blend than
is achievable with the lower band gap polymer P3HTTeDPP-10%
(HOMO ¼ 5.2 eV) [305] alone. The differences in HOMO energy of
the two polymers lead to a Voc of 0.675 V and 0.574 V in the cor-
responding binary blends as seen in Table 9. Furthermore, high
efﬁciencies with high FF were obtained in both binary blend
polymerePC61BM solar cells [293,305]. Finally, the similarity in
chemical compositions of both, the semi-random [304e308]
P3HTTeDPP-10% and the random [293] P3HT75-co-EHT25, which
are P3HT analogs containing 80% and 75% of 3-hexylthiophene
repeat units, respectively, ensures a consistency of properties
ideal for analyzing ternary blend behavior in the context of a
“P3HTePC61BM” model system and allows the use of similar pro-
cessing conditions at each composition. As seen in Table 9, P3HTTe
DPP-10%ePC61BM is found to be optimal at 1:1.3, while P3HT75-co-EHT25 is optimal at 1:0.8. As such, another opportunity of this
system was to investigate the dependence of the Voc on composi-
tion in a ternary blend systemwhere the limiting binary blends do
not give optimal performance at the same polymerefullerene ratio.
Importantly, the polymers used for this study were synthesized
based on the principles of the “polymer approach” and provide
simple components for a simple device architecture.
Ternary blend BHJ solar cells were optimized at each polymere
polymer ratio to obtain the highest efﬁciencies. Optimal processing
conditions include slow solvent evaporation (solvent annealing)
from the P3HTTeDPP-10%:P3HT75-co-EHT25:PC61BM blends after
spin-coating and prior to aluminum deposition. Since ternary blend
solar cells contain more variables that can be tuned, the optimi-
zation of the three component system included an increase in the
number of cells needed to achieve optimal device performance
while keeping the same optimization steps as for the binary blend
solar cells [22,25,26,446]. In this study, the thickness of the active
layer of the ternary cells was also kept constant atw85e90 nm, and
thus efforts were not made to increase Jsc beyond the comple-
mentary properties of the components.
Fig. 22. Structures, corresponding HOMO energy levels and absorption proﬁles of
PC61BM (black line), P3HT75-co-EHT25 (red line) and P3HTTeDPP-10% (green line).
Reproduced with permission from Ref. [360]. Copyright 2012 American Chemical
Society.
Table 9
Photovoltaic properties of P3HTTeDPP-10%:P3HT75-co-EHT25:PC61BM ternary blend
BHJ solar cells at optimized ratios [360].
P3HTTeDPP-10%:P3HT75-co-EHT25:PC61BM Jsc (mA/cm2)e Voc (V)f FF h (%)
1:0:1.3a 14.38 0.574 0.62 5.07
0.9:0.1:1.1b 15.05 0.603 0.61 5.51
0.8:0.2:1.0b 14.60 0.608 0.61 5.37
0.7:0.3:1.0c 11.54 0.614 0.59 4.15
0.6:0.4:1.0c 11.19 0.619 0.59 4.12
0.5:0.5:0.9a 10.89 0.622 0.59 4.00
0.4:0.6:0.9a 10.19 0.626 0.59 3.74
0.3:0.7:0.8a 9.77 0.633 0.59 3.64
0.2:0.8:0.8a 8.57 0.639 0.60 3.27
0.1:0.9:0.9a 8.25 0.646 0.59 3.10
0:1:0.8d 7.96 0.675 0.59 3.16
All devices were spin-coated from o-dichlorobenzene (o-DCB) and placed under N2
before aluminum deposition for:
a 30 min.
b 60 min.
c 45 min.
d 20 min.
e Mismatch corrected [320].
f Standard deviations of less than 0.005 were observed in all cases for averages
over eight pixels.
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dependent and that the FF is uniformly high across the entire
composition range at 0.59. Complementary absorption of the two
polymers leads to an increase in Jsc relative to the binary blends for
0.9:0.1:1.1 and 0.8:0.2:1.0 ratios and efﬁciencies reach 5.51% and
5.37%, respectively, which is an increase by 0.44% and 0.30% over
5.07% with P3HTTeDPP-10%ePC61BM. Furthermore, at all other
three component combinations, except 0.1:0.9:0.9 (where the Jsc
increase is smaller than the Voc decrease, relative to 0:1:0.8), power
conversion efﬁciencies are higher than for the binary P3HT75-co-
EHT25ePC61BM solar cell. This observation supports ternary blend
BHJ solar cells as an effective way to overcome the efﬁciency limits
of the corresponding binary blend solar cells.
Another important observation from Table 9 is that the amount
of PC61BM necessary for optimal device performance decreases as
the amount of P3HT75-co-EHT25 in the three component system is
increased and the overall polymerefullerene ratio of the individ-
ually optimized ternary blend solar cells tracks regularly with the
P3HTTeDPP-10%:P3HT75-co-EHT25 ratio.
Further analysis of the Voc evolution in these optimized ternary
blends reveals a different trend of the composition dependence
than observed in the earlier studies with one donor polymer and
two acceptors, as can be see by comparing Figs. 19 and 23a
[384,439]. In the present case, upon introduction of the second
polymer component into either limiting polymerefullerene binary
blend, the Voc rapidly changes by 29 mV. After this, for the ternary
blend composition regime, the Voc monotonically increases from
0.603 V to 0.646 V as the amount of P3HT75-co-EHT25 is increased.
Fig. 23b highlights the importance of individual optimization of
ternary blends at each polymerepolymer ratio through a compar-
ison of the data set subjected to individual optimization of overallfullerene content at each polymerepolymer ratio with two data
sets where the overall polymerefullerene ratio is kept constant at
1:1.1 and 1:1.0. A signiﬁcant decrease of the Voc and deviation from
linearity in the ternary blend composition regime is observed in the
cases of ﬁxed ratio. Speciﬁcally, in the case of ﬁxed overall poly-
merePC61BM ratio at 1:1.1, while a linear dependency of the Voc on
the composition is observed across most of the ternary regime, a
deviation is observed for the case of 10% of P3HT75-co-EHT25, which
is an optimal overall polymerefullerene ratio. Across the remaining
composition range, the Voc values are signiﬁcantly lower than for
individually optimized ternary blends. For the ﬁxed overall poly-
merePC61BM ratio of 1:1.0, non-linear behavior is observed for the
Voc across a more signiﬁcant portion of the ternary regime. Here,
linear behavior at P3HT75-co-EHT25 loadings below 50% is followed
by a saturation regime with almost constant Voc up to 80%, before
an increase at higher P3HT75-co-EHT25 loadings. Furthermore, the
Voc decrease and deviation from linearity in the case of not indi-
vidually optimized ternary blend solar cells is accompanied by a
signiﬁcant decrease of Jsc, FF and overall efﬁciency [360]. This
demonstrates that individual optimization of the overall composi-
tion at each polymerepolymer ratio is necessary for achieving
maximum efﬁciency in ternary blend solar cells and upon the
introduction of a donor polymer with lower-lying HOMO, a sig-
niﬁcant increase in the Voc can be achieved even at small amounts if
the solar cell parameters are optimized.
Referring to Fig. 23a, the Jsc of the individually optimized ternary
blend solar cells increases as the amount of P3HT75-co-EHT25 in the
three-component system increases up to 20% followed by steep
decrease upon further loadings. This is explained based on the
complementary absorption of the ternary blend systems as can be
seen in Fig. 24a, while maintaining a constant ﬁlm thickness. The
dilution of P3HTTeDPP-10% polymer leads to the decrease of the
absorption intensity in the near-IR, while absorption in the visible
part of the solar spectrum increases. As a result, the three-
component system absorbs fewer photons when the amount of
P3HT75-co-EHT25 in the system is above 30%, thus decreasing Jsc. The
same behavior is mirrored in the EQE response of the ternary blend
BHJ solar cells shown in Fig. 24b. Signiﬁcantly, the introduction of
only 10% of P3HTTeDPP-10% in the three component system leads to
the noticeable photoresponse in the 700e800 nm range.
High FF values were obtained at all ternary blend BHJ solar cell
compositions and are attributed to a balanced and trap free charge
Fig. 23. (a) Open-circuit voltage (Voc) (black squares e left axis) and short-circuit
current density (Jsc) (red circles e right axis) of the individually optimized ternary
blend BHJ solar cells from Table 9 with different fraction of the polymer P3HT75-co-
EHT25 component in the blends. (b) Open-circuit voltage (Voc) of the individually
optimized ternary blend BHJ solar cells (open squares), with ﬁxed overall polymere
PC61BM ratio at 1:1.1 (blue stars) and with ﬁxed overall polymerePC61BM ratio at 1:1.0
(green triangles). Reproduced with permission from Ref. [360]. Copyright 2012
American Chemical Society.
Fig. 24. (a) UVevis absorption spectra of thin ﬁlms spin-coated from o-dichloroben-
zene (o-DCB) and placed under N2 for 30 min with P3HTTeDPP-10%:P3HT75-co-
EHT25:PC61BM ratios, where (i) is 1:0:1.3 (red line), (ii) is 0.9:0.1:1.1 (green line), (iii) is
0.8:0.2:1.0 (blue line), (iv) is 0.7:0.3:1.0 (cyan line), (v) is 0.5:0.5:0.9 (wine-red line),
(vi) is 0.3:0.7:0.8 (dark yellow line), (vii) is 0.1:0.9:0.9 (yellow line) and (viii) is 0:1:0.8
(black line). (b) External quantum efﬁciency of ternary blend BHJ solar cells, where (i)
is 1:0:1.3 (red line), (ii) is 0.9:0.1:1.1 (green line), (iii) is 0.8:0.2:1.0 (blue line), (iv) is
0.7:0.3:1.0 (cyan line), (v) is 0.6:0.4:1.0 (magenta line), (vi) is 0.5:0.5:0.9 (wine-red
line), (vii) is 0.4:0.6:0.9 (olive line), (viii) is 0.3:0.7:0.8 (dark yellow line), (ix) is
0.2:0.8:0.8 (purple line), (x) is 0.1:0.9:0.9 (yellow line) and (xi) is 0:1:0.8 (black line).
Reproduced with permission from Ref. [360]. Copyright 2012 American Chemical
Society.
P.P. Khlyabich et al. / Polymer 54 (2013) 5267e5298 5287transport through the bulk [236,237,270,443,444] and favorable
morphology [69e72]. Hole mobilities of the three component
systemsmeasured using the SCLC technique [309] were found to be
on the same order of magnitude as for binary blend systems with a
constant increase as the amount of P3HTTeDPP-10% in the ternary
system was increased as shown in Table 10. An important point
about the mobility is that either polymer alone displays a hole
mobility on the order of 1e2  104 cm2 V1 s1, while all fullerene
blends across the ternary regime show values in the range of 1e
3  103 cm2 V1 s1. The increase in hole mobility upon blending
with fullerenes is a highly attractive quality of conjugated polymers
in that fullerenes do not disrupt the ability of the polymers to
effectively transport charge [117,218,220,447]. Taken as a whole,
high FF and hole mobilities suggest no increase in recombination or
charge trapping in the ternary blends. TEM images in Fig. 25 show
similar bicontinuous blends with nanometer length-scale phase
separation at different P3HTTeDPP-10%:P3HT75-co-EHT25:PC61BM
ratios. As a result, introduction of the third component in the blend
does not change the qualitative nature of the overall polymere
fullerene morphology, suggesting no negative impact on charge
transport through the ternary blends.
As in the case of P3HT in P3HT:PC61BM:ICBA ternary blends
[384], many properties of P3HT75-co-EHT25 and P3HTTeDPP-10%
are preserved in the ternary blend systems. From the UVevis ab-
sorption in Fig. 24a, it can be seen that the absorption spectrum ateach ternary composition reﬂects a simple weighted sum of the
absorption spectra of the individual components. Moreover,
vibronic shoulders [256,257,445] for both polymers are present in
the UVevis absorption for the P3HTTeDPP-10%:P3HT75-co-
EHT25:PC61BM ternary blends, supporting the retention of crystal-
linity in both polymer components, which has been veriﬁed via
GIXRD. Clearly the polymers retain their semi-crystalline nature in
binary and ternary blends as seen in Fig. 26 and for a speciﬁc case of
the 0.8:0.2:1.0 ratio, two peaks are present in the GIXRD proﬁle. The
interchain distances for P3HTTeDPP-10% and P3HT75-co-EHT25
change in opposite directions as the amount of the P3HT75-co-
EHT25 in the ternary blends increases. The interchain distance for
P3HTTeDPP-10% increased from 15.27 A to 15.41 A going from
1:0:1.3 to 0.8:0.2:1.0, while P3HT75-co-EHT25 packs more tightly
with interchain distances decreasing from 16.69 A to 16.02 A for
0:1:0.8 and 0.8:0.2:1.0. The ability of both polymers to remain
semi-crystalline in the ternary blends should be a contributing
factor for the high Jsc observed in the ternary blend solar cells.
Table 10
Average hole mobilities of neat P3HTTeDPP-10%, P3HT75-co-EHT25 and P3HTTe
DPP-10%:P3HT75-co-EHT25:PC61BM blends at different ratios in thin ﬁlms spin-
coated from o-DCB [360].
P3HTTeDPP-10%:P3HT75-co-EHT25:PC61BM Mobility (cm2 V1 s1))
P3HTTeDPP-10% 2.30  104
1:0:1.3 3.23  103
0.9:0.1:1.1 2.38  103
0.8:0.2:1.0 2.37  103
0.7:0.3:1.0 2.19  103
0.5:0.5:0.9 2.13  103
0.3:0.7:0.8 2.01  103
0.1:0.9:0.9 1.92  103
0:1:0.8 1.11  103
P3HT75-co-EHT25 1.39  104
Fig. 26. Grazing-incidence X-ray diffraction of thin ﬁlms where (i) is 1:0:1.3 (red line),
(ii) is 0.9:0.1:1.1 (green line), (iii) is 0.8:0.2:1.0 (blue line), (iv) is 0.7:0.3:1.0 (cyan line),
(v) is 0.5:0.5:0.9 (wine-red line), (vi) is 0.3:0.7:0.8 (dark yellow line), (vii) is 0.1:0.9:0.9
(yellow line) and (viii) is 0:1:0.8 (black line). Reproduced with permission from Ref.
[360]. Copyright 2012 American Chemical Society.
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efﬁciencies higher than for corresponding binary blend solar cells
were obtained in this system. The results of this work support the
growing evidence that ternary blend BHJ solar cells are an effective
strategy toward more efﬁcient organic photovoltaics manufactured
in a single active layer processing stepwith the possibility to exceed
power conversion efﬁciency limits for binary blend solar cells. The
results presented here also demonstrate that judicious choice of
paired components must be accompanied by careful optimization
of ﬁlm composition and processing if the potentially paradigm-
shifting nature of this platform is to be realized.
Research on ternary blends has increased dramatically since
2011, with a number of groups focusing on a variety of ternary
systems. Spectral broadening of the photoreseponse has been
observed in a number of cases [362,363,376e378,380,381,420e
422] and a tunable Voc has been reported in a lesser number of
cases [388,393,397,398,401,402]. Within the context of polymere
fullerene based ternary systems, the work of Brabec et al.
[363,380,381] and You et al. [362] has been especially noteworthy.
Brabec et al. has explored a range of P3HTePCBM based ternary
blends containing low band gap polymers as sensitizers
[363,380,381]. An increase in the breadth of the photoresponse has
indicated great promise, but a constant Voc and diminishing FF with
increasing sensitizer content has limited a push toward higher ef-
ﬁciency. On the other hand, You et al. [362] have achieved the
highest efﬁciency to date in ternary blend solar cells with efﬁ-
ciencies exceeding 7% using two polymers with complementary
absorption and PC61BM as the acceptor, as will be described inmore
detail in the following sections.Fig. 25. TEM images of P3HTTeDPP-10%:P3HT75-co-EHT25:PC61BM at (a) 1:0:1.3, (b) 0.9:0
presented in Table 9 (scale bar is 50 nm). Reproduced with permission from Ref. [360]. CoWhile a strong focus is certainly on targeting higher efﬁciencies
with ternary blend systems, a central focus has become the
disambiguation of the mechanism or mechanisms of operation in
these devices. A deeper insight into themechanismwill allowmore
tailored design of components and a realization of the potential of
this platform.
4.3. A mechanistic model for the tunable Voc in ternary blend solar
cells
A number of conceptual models for the operation of ternary
blend organic solar cells have been proposed in recent years
[362,364,448]. Most of the models are highly qualitative and are
based on conceptual schemes as opposed to rigorous proof that
unites an electronic andmorphological description of the devices. It
is challenging to develop a comprehensive model of ternary blend
solar cells for several reasons. First, the model must incorporate the
electronic interactions between all three components and account
for their role in the charge photogeneration pathway. Second, the.1:1.1, (c) 0.8:0.2:1.0, (d) 0.5:0.5:0.9, (e) 0.2:0.8:0.8 and (f) 0:1:0.8 for BHJ solar cells
pyright 2012 American Chemical Society.
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Voc and must be able to explain cases where the Voc changes
regularly with composition and where the Voc does not change.
Finally, different mechanisms could operate in different systems. To
date, threemain models have emerged, including the sensitization/
cascade model (or simply cascade model) [364,383], the parallel-
like model [362,382], and the organic alloy model [448].
The sensitization/cascade model has been described at length in
a recent review [383] and a number of recent publications
[363,380,381,449] and is illustrated schematically in Fig. 27a. The
cascade model assumes that the HOMO and LUMO energy levels of
the three components in the blend must be positioned in a way to
allow cascade exciton dissociation and charge transfer. Energy
transfer from the large band gap donor to the smaller band gap
donor can operate as a means of exciton cascade. Also, depending
on the speciﬁcs of the system, an exciton can dissociate at either
donor:acceptor interface or the interface of the two donors. The
created charges then can either migrate through the corresponding
donor or acceptor phase or transfer to another donor if the energy
level alignment is suitable. While this mechanism may be opera-
tional in certain systems [363,380,381], the model not only fails to
account for a tunable Voc, but indeed predicts that the Voc should be
invariant and pinned to the lowest possible value, as described
previously relative to Fig. 17c [364,383]. It is evident that a tunable
Voc is the key, enabling element driving ternary blends towardFig. 27. (a) Sensitization/cascade model. (b) Parallel-like model. (c) Polymer pairs (DTffBT/DT
a parallel-like mechanism. Reproduced with permission: (a) from Ref. [382], (b) from Ref. [higher efﬁciencies than binary blends. As such, this model and
systems that potentially operate under this model will not be
considered further here.
The latter two models both account for a tunable Voc and are
thusmost consistent with the properties that render ternary blends
most attractive. The parallel-like model (Fig. 27b) proposed by You
et al. [362,382], describes charge transport in ternary blend solar
cells as if distinct polymer phases are connected in parallel within a
blend. This model dictates that the two polymers must be totally
isolated from one another in the ternary blend, must both form an
effective and continuous interface with the common fullerene
acceptor, and must both form effective contacts with the same
hole-collecting anode. This geometry is proposed to lead to two
distinct hole-collecting pathways in which charge or energy
transfer between the two polymers is prohibited. This model is
attractive in its conceptual simplicity and in the ease with which it
is viewed analogously to a tandem cell [33,45e50], in which two
types of sub-cells can be envisioned for both platforms. Not sur-
prisingly, several reports use this model to establish equivalent-
circuit models for ternary blend solar cells [398,400,450]. Howev-
er, this model has several shortcomings. First, there is absolutely no
proof of the morphological structure that is proposed as necessary
for this mechanism of operation. Second, the polymer pairs
(DTffBT/DTPyT and TAZ/DTBT) that were used by You et al. [362] to
advance this model are of remarkably similar chemical structurePyT and TAZ/DTBT) used in the ternary blend BHJ solar cells proposed to operate under
383].
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namically unfavorable [451], it is hard to imagine that in the
kinetically trapped morphology of a polymerefullerene blend that
these pairs of polymers would be totally immiscible and totally
lacking in shared interface. As a case-in-point, P3HT and PCPDTBT
(Fig. 4b) studied by Brabec et al. [364] in ternary blends with
PC61BM displayed evidence of direct polymerepolymer electronic
interaction (charge transfer) [452], despite structures that are
signiﬁcantly more dissimilar than either pair of polymers in
Fig. 27c. As such, it seems likely that the parallel-like model is not
more than a conceptualization that fails to unite the physical
morphology and the electronic output of the solar cells. However,
further detailed characterization is absolutely required to probe
and unite the morphology and electronics of these devices.
The third model proposed for the mechanism of operation in
ternary blends is the so-called alloy model. This model was pro-
posed by Street et al. [448] after analysis of the composition-
dependent Voc for the model system (Fig. 18) presented in Fig. 19.
This model is named based on an analogy to inorganic semi-
conductor alloys in which the band gaps (as well as the valence
band and conduction band energies) are known to vary regularly as
a function of composition in the alloy [453e457]. Consider the
example of In1xGaxN [453], shown in Fig. 28a, where the band gap
is observed to decrease regularly as the ratio of In and Ga is varied.
The band gaps of inorganic alloys (A1xBx or A1xBxC) are known to
evolve with composition (x) according to the general quadratic
expression in Equation (1), which is an extension of Vegard’s law
where E(x) is the energy of the alloy band gap, EA and EB are the
band gaps of the unalloyed individual materials and b is the so-
called bowing parameter [453,456,458,459].
EðxÞ ¼ ð1 xÞEA þ xEB  bxð1 xÞ (1)Fig. 28. (a) Evolution of the band gap of In1xGaxN alloy with composition. (b) Valence
and conduction band energies as a function of In1xGaxN alloy composition (band
alignments are expressed relative to GaN as a function of indium content). Reproduced
with permission from Ref. [453]. Copyright 2010 American Institute of Physics.The evolution of the alloy band gap can be traced to regular
variations in the valence band and conduction band energies, as
illustrated in Fig. 28b for In1xGaxN. The individual evolution of
valence band and conduction band energies can also be described
as a function of composition in the manner of Equation (1) [457].
The origin of the analogy with ternary blends is based on closer
examination of the implications of Figs. 18 and 19. In Fig. 19, it is
evident that the Voc for the binary blend P3HT:ICBA is the highest
among all the data points. In the simple picture for Voc (Fig. 2), this
is rationalized as due to the large HOMODeLUMOA offset. After
addition of 10% of PC61BM to give a 90:10 mixture of the two ac-
ceptors, the Voc decreases. From the simple HOMODeLUMOA offset
model of the Voc, this implies that effectively, the LUMOA has
decreased due to the addition of 10% of PC61BMwith its lower lying
LUMO. As more PC61BM is added, the Voc decreases regularly and
proportionally to the amount of PC61BM added. This implies
conceptually that the combination of the two acceptors and their
relative ratio determines the effective LUMOA for the acceptor
combination. Analogous to inorganic alloys, this suggests that the
composition of PC61BM1xICBAx determines the position of LUMOA
of the fullerene alloy (analogous to the conduction band edge) and
thus the Voc considering the constant donor and HOMOD of P3HT.
The alloy model therefore implies that the Voc in ternary blends
is tunable due to the synergistic function of the two acceptors in the
case of the donor:acceptor:acceptor system or the two donors in
the case of donor:donor:acceptor systems. The alloymodel earns its
name as an analogy to the electronic properties of inorganic
semiconductor alloys, but does not imply any type of structural
analogy as the two types of materials systems are clearly distinct.
While the variation in electronic structure with composition is
well-established and ﬁrmly rooted in structural variation for inor-
ganic alloys [453e457], the concept initially appears counterintu-
itive for organics. In the case of organic molecular mixtures, the
separate energy levels of the two species are generally expected to
be preserved in the blend. Indeed, polymer blends generally have
an optical absorption that is the weighted sum of the twomaterials
rather than characteristic of a uniform material of average
composition [360,362,363,404,414,417].
To probe this concept of organic alloy formation the ﬁrst aim
was to study this phenomenon at a deeper level than simply via the
Voc of the solar cells. At an electronic level, the model implies the
LUMOA in the two-acceptor system will be the composition-
weighted average of the two individual acceptor LUMOs. As such,
the energy of the CT state (Fig. 2d) should vary as the acceptor
composition is varied in blends with a constant donor. In order to
measure the energy of the CT state directly, the photocurrent
spectral response (PSR) technique [460] was employed to explore
the electronic states of the ternary blend solar cells. PSR measures
the optical absorption of those transitions that result in the gen-
eration of mobile carriers in the solar cell and therefore provides
information about the electronic states. Previous studies have
shown that the PSR spectrum at energies below the optical band
gap of the separate materials arises from direct excitation at the
interface from the donor HOMO to the acceptor LUMO and mea-
sures the optical absorption of the heterojunction interface (the
interface band gap or CT state) [460,461]. The excitation corre-
sponds to the direct population of the CT state [44,125,136,137,462e
465].
Fig. 29a shows PSR spectra of P3HT:PC61BM:ICBA ternary blends
and Fig. 29b shows details of the spectrum at 1.6e1.8 eV with the
background subtracted. As can be seen from Fig. 29a, the energy of
the CT state, which is extracted between the limits of the pair of
dashed lines, increases continuously with composition as the
amount of the ICBA in the three component mixture increases.
Furthermore, the CT state energy tracks in exactly the same fashion
Fig. 29. (a) Photocurrent spectral response (PSR) data for the P3HT:PC61BM:ICBA
ternary blend solar cells plotted as a function of ICBA fraction in PC61BM:ICBA pair. The
inset indicates the CT transition or interface band gap that is being measured and the
pair of dashed lines indicates the range over which the CT state energy is extracted. (b)
Expanded plot of the peaks near 1.7 eV in the PSR spectra of (a), with the background
subtracted. The peak centered above 1.7 eV corresponds to PC61BM absorption and the
peak centered below 1.7 eV corresponds to ICBA. Reproduced with permission from
Ref. [448]. Copyright 2013 American Chemical Society.
Fig. 30. Plot of the estimated CT state energy deﬁned by PSR at photocurrent (PC)
values of 0.1 and 0.01 from the data of Fig. 29a (closed symbols) compared to the
values of the Voc (open triangles) for P3HT:PC61BM:ICBA ternary blend solar cells. The
solid lines are the model of Equation (1) with the same bowing parameter b. Repro-
duced with permission from Ref. [448]. Copyright 2013 American Chemical Society.
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Importantly, the composition dependence (PC61BM1xICBAx) of
both the Voc (EVoc(x)) and the CT (ECT(x)) state energy can be ﬁt
effectively with the same quadratic dependence as represented in
the general form of Equation (1), using the same bowing parameter
(b) of 0.18. By extension, the origin of the CT state evolution is
ascribed to a compositionally dependent LUMOA of the fullerene
alloy (PC61BM1xICBAx) that varies according to the same quadratic
dependence. This observation also highlights the fact that the Voc in
ternary blend solar cells is also CT state energy dependent as is the
case for well-known binary polymerefullerene BHJ solar cells
[136,142e150]. Moreover, the qVoc is 0.55 eV lower than CT state
energy, where q is elementary charge, which correlates well with
previous empirical relationships between Voc and the CT state
energy for binary blend BHJ solar cells [136,142e150,292,460,
466e470].
The above PSR results provide strong evidence for the alloy
model, in which the compositionally dependent LUMOA of the
organic alloy PC61BM1xICBAx determines the CT state energy and
ultimately the Voc in P3HT:PC61BM:ICBA ternary blends. A direct
analogy to the inorganic alloy model would also imply that the
band gap of the PC61BM1xICBAx alloy should also vary with
composition. However, the presence of two distinct peaks in thePSR data for the P3HT:PC61BM:ICBA system presented in Fig. 29b,
where the absorption peak positions of PC61BM and ICBA differ by
about 0.045 eV with ICBA having the lower energy peak, conﬁrms
that molecular excitations (optical band gap) in the ternary blend
are the weighted sum of the two peaks of the pure materials, rather
than a single peak at a compositionally averaged energy. Thus, the
alloy model of Equation (1) does not apply to the optical excitation
of the bulk acceptor material. The apparent contradiction of
compositionally averaged (alloyed) frontier orbital energies and the
independent optical band gaps of components is also observed in
the polymer:polymer:fullerene model system of P3HTTeDPP-
10%:P3HT75-co-EHT25:PC61BM (Fig. 22) as described below. It is
proposed that this dichotomy has a physical origin and is indeed
the key element that enables simultaneous spectral broadening and
Voc tuning in ternary blend organic solar cells, as will be described
below.
Toward the development of this point, the same set of PSR
measurements and analysis were applied to the P3HTTeDPP-
10%:P3HT75-co-EHT25:PC61BM ternary blend solar cells and the
results are presented in Figs. 31 and 32. Once again, the CT state
energy of the ternary blend system is increased as the amount of
P3HT75-co-EHT25 in the three component system is increased and
this increase tracks regularly with ternary blend composition,
implying a regular variation in the HOMOD of the alloy, with a
constant LUMOA of PC61BM. Also, the qVoc is 0.55 eV lower than CT
state energy as was found in case of P3HT:PC61BM:ICBA [384].
Using Equation (1) with zero bowing (b ¼ 0), the energy of the CT
state and the Voc were ﬁt analogously as shown in Fig. 32. The
subtleties in the PSR data, such as deviation in the endpoints, are
likely ascribed to an alloy-to-dopant transition at very low con-
centrations of one of the alloy component, analogous to observa-
tions for dopants in earlier studies [396].
Additionally, it was also observed in this case that the optical
excitations cannot be described according to the alloy model, as the
PSR data shows the photocurrent of the ternary blend system is the
weighted sum of the photoresponse of the two polymers as shown
in Fig. 31b as opposed to a weighted average. This is demonstrated
when looking at the low energy peaks marked E1 and E2, which
correspond to P3HTTeDPP-10% and the higher energy peaks which
are a combination of P3HTTeDPP-10% and P3HT75-co-EHT25, as
well as PC61BM. It is observed that these marked peaks change
Fig. 31. (a) Photocurrent spectral response (PSR) data for the P3HTTeDPP-10%:P3HT75-
co-EHT25:PC61BM ternary blend solar cells plotted as a function of P3HT75-co-EHT25
fraction in the polymer donor pair. The pair of dashed lines indicates the range over
which the CT state energy is extracted. The inset shows the photocurrent signal at
1.6 eV as a function of P3HT75-co-EHT25 fraction in the polymer donor pair. (b) High
energy PSR data from (a) plotted on a linear scale to show the exciton peaks from the
donor mixture. Solid lines are ﬁts to the E1, E2 and E3 peaks. The P3HT75-co-EHT25
fraction is indicated for each data set. Reproduced with permission from Ref. [448].
Copyright 2013 American Chemical Society.
Fig. 32. Plot of the estimated CT state energy deﬁned by PSR at photocurrent (PC)
values of 0.1 and 0.01 from the data of Fig. 31a (closed symbols) compared to the values
of the Voc (open triangles), as a function of P3HT75-co-EHT25 fraction for the mixed
donor system. Solid lines are linear ﬁt to the data with the same slope (zero bowing
factor). Reproduced with permission from Ref. [448]. Copyright 2013 American
Chemical Society.
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that the composition dependence of the high energy absorption
spectrum again has a different behavior from the continuously
changing CT state. The retention of molecular optical absorption
properties is also supported by the absorption spectra and the EQE
response in Fig. 24.
It is clear from the preceding data that the CT state energy is
dependent on the composition of the components in the ternary
blends for the two examples that have been discussed. This implies
an alloying effect in which the LUMO of the two-acceptor
component and the HOMO of the two-donor component takes
on a materials’ averaged value. However, it is also clear that the
optical response of all components remain independent in the
blends, implying an invariance in the optical band gaps of thecomponents. The following explanation has been proposed for the
apparent contradiction between the excitation and electronic
behavior in ternary blend BHJ solar cells. When considering light
absorption at energies greater than the optical band gap of com-
ponents in organic solar cells, excitons are formed. The complete
overlap of the electron and hole wavefunctions and the strong
Coulomb interaction of the exciton leads to a highly localized state
which is therefore conﬁned within a single molecule (or localized
segment of a polymer chain) [126,131,133,471e477] and is not
subject to a variation based on blending of components, as in an
alloy. Hence the exciton states are characteristic of the different
individual components rather than the average material compo-
sition. On the other hand, the CT state is a bound species
comprising a hole in the donor and an electron in the acceptor. Due
to the phase separated BHJ structure, the electron and hole are
physically apart from each other and therefore have a much
smaller Coulomb interaction and consequently are more delo-
calized [132,472,473,478e482]. The delocalized wavefunction of
the CT state extends over more than a single molecule and there-
fore is determined by the average composition (i.e., the averaged
frontier orbital energies) of the donor and acceptor phases at the
interface rather than by a single molecule of either type. Therefore
the CT state energy (and thus the Voc) is observed to vary as the
composition of either the donor or acceptor is changed. The vari-
ation in CT energy is regular and described well by an alloy model,
as developed here.
It is indeed this dichotomy of molecular excitions and compo-
sition averaged CT state energies made apparent in the alloy model
that drives the potential of ternary blend solar cells. With judicious
pairing of polymer donors, a broad photoresponse and high Jsc can
be targeted, exceeding that of any binary polymerefullerene blend
and alleviating the need to use C70 fullerenes for light harvesting.
Further, a higher Voc can be achieved in the ternary blend than is
possible with the lower band gap polymer alone. This provides the
route to overcome the JsceVoc compromise for binary blend poly-
merefullerene solar cells. We have also demonstrated that FF does
not necessarily suffer in ternary blends and high FF combined with
high Jsc and Voc can lead to efﬁciencies in ternary blends exceeding
those of binary blends [360,384]. Most importantly, we have
demonstrated that simple random and semi-random polymers can
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vision of a low-cost and easily fabricated solar cell platform.
While signiﬁcant further testing is required to validate and
expand the alloy model, it does provide insight into potentially
valuable polymer design principles for ternary blends. While the
exact structural nature of a polymer (or fullerene) alloy is not clear,
the materials averaged electronic properties imply that the com-
ponents are subject to intimate and uniform electronic interaction
and the delocalization of states should be extensive, leading to
continuous changes in HOMO or LUMO energies with composition.
The measurements of CT state energy via PSR reﬂects that the
interfacial composition of the donoreacceptor heterojunction is a
function of the overall composition of the ternary blend. The pre-
cise origin and nature of this interfacial morphology as well as the
nature of the bulk alloy structure are still a subject of current
investigation. The model certainly does imply that the two alloy
components should have a strong physical interaction. Note that
the highly similar chemical structures of P3HTTeDPP-10% (80% 3-
hexylthiophene) and P3HT75-co-EHT25 (75% 3-hexylthiophene)
are consistent with a picture of strongly interacting polymers,
suggesting that random and semi-random P3HT analogs are indeed
especially well-suited for the ternary blend approach. Furthermore,
observation of tunable Voc and high efﬁciency in ternary blends
with the highly similar polymer pairs reported by You et al. [362]
(Fig. 27c) also suggests a likely strong interaction of polymer do-
nors and consistency with the alloy model.
At the current time, the alloy model thus predicts a charge
photogeneration pathway in ternary blends very similar to that of
binary blends. In the case of a donor:donor:acceptor blend, the two
donors are predicted to effectively form a single phase donor alloy
that is percolated by an acceptor phase. Light is absorbed inde-
pendently by both donor components, but the CT state energy (and
Voc) is determined by the material averaged composition at the
interface. For systems in which the Voc is not observed to be
composition dependent, but rather pinned to the lesser of possible
values, it is argued that alloy formation does not occur (likely due to
an incompatibility of polymer components) and a cascade-type
mechanism (Fig. 27a) among the three distinct components is
likely operational. Furthermore, in systems where the Voc is not
pinned, but does not vary in a regular fashionwith composition, our
focus on optimal processing conditions (Fig. 23b) suggests that the
device processing simply may not be optimized to give the most
desirable morphology [360]. The nature of this desirable
morphology [383,422,483e485], the disambiguation of the oper-
ational mechanism [364,381,383,416,486,487], and the ultimate
potential for efﬁciency of ternary blends are clearly the focus as
research in this area moves forward.
5. Conclusions and outlook
Tremendous progress has been made in recent years in OPV.
Champion efﬁciencies exceed 10% and a deep understanding of the
fundamental principles of device operation is emerging. As the ﬁeld
moves toward commercial application, the importance of moving
to even higher efﬁciencies is clear. This drive to high efﬁciencymust
however be coupled with efforts to increase the long-term stability
of solar cells and also to maintain the focus on the central vision of
OPV as a low-cost approach to an efﬁcient, ﬂexible, and lightweight
solar energy conversion platform. The polymerefullerene BHJ solar
cell appears to be most consistent with this vision, although many
recent advances in polymer and active layer design have been at the
expense of the attractive simplicity that deﬁnes the BHJ solar cell.
Our focus has been to generate conjugated polymers for BHJ
solar cells that can be synthesized in a minimum number of steps
from simple, commercially available building blocks with the goalof controlling polymer properties through the strategic combina-
tion of monomers in a “polymer approach” as opposed to highly
tailored syntheses of complex monomers in the “monomer
approach.” Semi-random P3HT analogs developed in our group and
described here have embodied this “polymer approach” and have
given rise to efﬁcient (5e6%) solar cells and have achieved the
highest reported photocurrents (>16 mA/cm2) for BHJ solar cells
with C60-fullerene acceptors. The versatility and modularity of this
class of polymers is only just being realized and promises signiﬁ-
cant potential for future development.
Moving to efﬁciencies that promise to transform OPV into a
viable technology will however require a paradigm shift beyond
simple polymerefullerene (binary) BHJ solar cells. Tandem cells
hold great promise for higher efﬁciency, but at the cost of increased
complexity in device fabrication. Ternary blends are emerging as an
alternative to tandem cells, promising efﬁciencies greater than bi-
nary blends, but without the necessity of moving to more complex
device architectures. The central element of ternary blends is the
ability to broaden the absorption of the active layer without
limiting the Voc by incorporating red/near-IR-absorbing polymers.
The ability to tune the Voc in ternary blends without negatively
inﬂuencing FF has been a major step forward. Importantly, blends
of random and semi-random polymers have proven effective and
well-suited for this platform. A continuing focus on developing an
understanding of the mechanism of operation in ternary blend
solar cells and elucidating the design principles for optimal poly-
mer structures provides an exciting avenue of future research and a
direction that promises a move to higher efﬁciency within the
context of a simple device fabrication.
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